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1 Building technology
1.1. Introduction
Types of buildings

Just by looking at a cityscape you can see that it consists of various different types of buildings.
Essentially there are residential, office, administration, school and factory buildings, theaters, sports
arenas and hospitals.

Fig. 1-1 Building structure of a city

All these buildings have one thing in common. They are supposed to protect its users from external
influences, provide security inside and out and ensure a pleasant atmosphere.

People in industrialized nations spend around 90 % of their lives indoors in buildings, but also in
vehicles such as cars and trains. This is why the quality of rooms in the buildings is of such
importance, concerning health and well-being. The significance of well-being has only recently been
detected when complaints about building-related ailments and symptoms considerably increased.
The reasons for this deficit in well-being in indoor spaces are multifaceted, some are objectively
detectable, but many “disturbances” also depend on the daily form of each individual and the social
environment.

Indoor air quality

Some of the objective reasons are, for example poor indoor air quality, room temperature or humidity
that is either too high or too low, air stream gradients or inconvenient lighting. The human need for
comfort doesn’t end with the individual home or workplace. Thus, shopping centers, exhibit halls,
sports arenas, fitness centers, museums and theaters are buildings which combine acceptance with
the experienced indoor air quality. The individual experience of the buildings and indoor comfort
contributes greatly to our well-being.

Energy

Due to the environmental demand for ecological energy consumption for heating and cooling
purposes in a building, considerable improvement of insulation in the building envelope was made.
During that time, a completely stationary approach to the heat transfer through the building envelope
was developed. Even though the heat transfer coefficient (U-value) indicates the specific energy loss,
it doesn’t state the performance of the heat storage of the building envelope, which contains
considerable potential to conserve energy if used systematically.
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For example, if you go by the statistically proven fact, that the average daytime temperature in the
Swiss midland never rises beyond +22 °C, we can come up with the idea of compensating for the
high daytime temperatures with cool night-time temperatures. In modern office or school buildings,
which are not used during the night, you can cool the building from the inside e.g., by means of
forced ventilation using the cool night air or by using a thermo-active building system (TABS). If the
building has sufficiently dimensioned storage mass (concrete, masonry), the inside of the building
stays cool, without the need of additional cooling systems, even during the hottest part of daytime.
This cooling effect must be supported by shading devices that protect the whole of the exterior
building façade from direct sunlight, not only the windows (topic: “summer thermal insulation”).

Building automation

The basis of a good building performance nowadays is modern measuring and control technology in
combination with building automation – so to say a harmonious synergy of a building’s architecture,
plant engineering and indoor comfort. Despite the fact that most of the processes have been
automated, the primary goal of modern building concepts is the possibility for an individual to
intervene if necessary.

Building security

Climate security

The function of a building envelope from a climatic point of view is that of a buffer between the
controlled indoor climate and the environmental influences of the seasons such as differences in
temperature and humidity (+/-), solar radiation, wind, rain, frost and snow.

Especially the possible combinations of these external influences such as wind and rain, solar
radiation and heat or solar radiation and cold have to be taken into account.

The construction of the building envelope must be oriented to these weather-related influences as
well as able to “react” with help of the building technology. Depending on the location, the building
envelope must protect from additional noise pollution caused by road traffic, railways, airplanes and
possibly industries.

Fig. 1-2 The building envelope protects from weather-related influences and noise pollution

Safety

In addition, the residents or tenants of a building want protection against trespassing or burglary.
Finally, another crucial function of the building envelope is sufficient protection against fire.
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1.2. Building technology

Fig. 1-3 Technical installations in a building

Central systems: Decentralized HVAC-systems:
1 Air handling system 5 Room ventilation
2 Boiler and heating distribution 6 Floor heating (possibly floor cooling)
3 Chiller, cooling distribution, recooler (roof) 7 Heating- and/or Cooling-ceiling
4 Electrical system cabinet 8 Radiator heating

Other systems and installations:
9 Lighting system 13 Fire alarm system
10 Shading system 14 Surveillance system
11 Weather station 15 Access control
12 Audio /video systems 16 Transport system

17 Building automation system and technical building management

Buildings include extensive technical infrastructures, and their complexity is constantly increasing.
The term building technology stands for all firmly installed technical systems in- and outside of
buildings, which serve the functional operation and the general utilization of these buildings.
Essentially, building technology incorporates the following systems and installations:

Heating, ventilating and air conditioning systems (HVAC-systems)
Heat recovery systems
Energy supply and distribution
General interior lighting
Shading systems (blinds)
Passenger transport systems (elevators, escalators)
Automatic doors and gates
Security systems (fire, trespassing, access)
Sanitary facilities and installations
Disposal systems for wastewater, exhaust gases, waste material, etc.
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However, it does not include production facilities of any kind or technical installations, which are
directly used in work processes.

The synergy and mutual influence of individual systems plays a growing role. Especially the building
envelope isn’t treated as a given, fixed object anymore. It is now adapted to the various operating
conditions of building technology.

Tasks of the Heating, ventilating and air conditioning (HVAC systems)

Depending on the purpose of the HVAC systems, the tasks can be divided into two subsections:

Comfort systems
The term “comfort systems“ encapsulates all systems, which create, maintain and ensure an indoor
climate for health and efficiency in residential and office buildings, hospitals, restaurants, cinemas,
theaters, shopping centers, etc.

Industrial systems
The term “industrial systems“ encompasses all systems, which create, maintain and ensure an
indoor climate or conditions for specific production processes, conservation and maturation
processes.

Heating technology

The goal of heating technology is to create a constant, comfortable indoor temperature during the
whole heating period. It delivers the heating water for indoor heating and supplies the hot water in
various other systems. The heating technology of a building essentially entails the following sections:
heat production, heat distribution and heat consumption (e.g. emission to the rooms).

The heat production is a very complex subsection of the heating technology. There are many
different kinds of heat generating systems that are used next to oil, gas or wood heat boilers, such as
heat pumps, cogeneration plants, solar energy or a combination of the mentioned heat generators
(multivalent heat generation) as well as district heating transfer station.

Ventilation technology

The ventilation technology is the renewal of ambient air, especially in buildings in which the air is
used up or polluted at a fast pace, such as cinemas, theaters, restaurants or in manufacturing
facilities. Because the building envelope in today’s commercial and residential buildings is better
insulated and more air-tight, mechanical air renewal is required. During the heating period, the indoor
temperature must be kept at the desired level despite the supply of cool outside air. The outside air is
heated by means of heat recovery and heating coils in the air handling unit. The demand for cooling
of the renewal air is increasing as the heat gains need to be discharged systematically from the
rooms, because of the improved construction of the building envelope.

Air conditioning technology

Our well-being and performance are not only influenced by the room temperature but also by how
humid, pure and fresh the air is; meaning it has to be an indoor climate which is specifically adjusted
to our organism and our perception. These factors can be influenced via air conditioning. The air
treatment starts in the air filter then continues on to the air heater, air cooler and ultimately on to the
humidifier and dehumidifier. The goal of air conditioning technology today is mainly the air
conditioning for office buildings, shopping centers, airports, cinemas, theaters, etc.

Refrigeration technology

Refrigeration technology is becoming increasingly important as the need for buildings to be cooled
has multiplied, as per the reasons mentioned above. As a result, the use of cooling sources which
are available in nature (e.g. cool outside air, surface water) play an increasingly critical role as does
the energetically appropriate use of refrigeration plants and of environmentally friendly refrigerants.
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Planning the building technology

Not everything that is technically possible, but only what is sensible, i.e. beneficial and
environmentally friendly, should be realized. The planning phase is therefore crucial, during which all
local conditions must be taken into account and all requirements carefully scrutinized. Correctly
designed building technology requires planners to have a high level of basic knowledge of building
physics, thermodynamics, fluid dynamics, chemistry and ecology. Intelligent building technology
requires experienced planners who have mastered interdisciplinary, integral planning methods and
apply them consistently.

1.3. Building automation
Depending on the intended purpose of a building, it is possible that the building technology has to
meet different demands. There are generally three primary demands, though, that reappear
consistently:

The needs of a person for well-being and comfort in a building envelope need to be oriented to the
specific type of use and be met regardless of external influences.
Protection and safety calculated to specific risks for residents of and material assets in a building
need to be warranted in case of fire, water or technical damage, or intrusion from third parties.
These demands need to be met with sustainable investment and minimal follow-up costs for energy,
service and maintenance.

To meet the aforementioned demands, the relevant building installations are required. It may be
referred to as intelligent building technology when synergies of these technological installations with
regard to specific requirements for use with help from building automation are realized.

Building automation systems

Appropriate systems and equipment, as well as certified functions and applications are required as a
solution to control tasks. Nowadays, the various components are mostly interconnected via
standardized communication systems such as BACnet, KNX, Modbus, etc. The building technology
can therefore ensure an optimized operation which always complies with the desired user comforts.

Fig. 1-4 Communicatively connected systems and equipment in a building and beyond allow for an efficient and optimized
operation
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Fig. 1-5 Integrated building automation in a building

1…4 Operation and coordination of central building technology plants
5…8 Operation and coordination of decentral building technology plants

with retroactive effect (demand management) on central building technology plants
9…10 Operation and coordination of lighting and shading systems

also in alignment with heating, ventilation and air conditioning systems
11 Weather station for optimal operation of building technology plant

but also for security functions (e.g.: wind warning for shading systems, …)
12 Integration of the audio and video systems in operation and control concept of rooms

(e.g.: scene control in conference rooms)
13…15 Integration of building and personnel safety system
16 Operation and control of transportation systems
17 Operation, control, surveillance with supervisory building management station

via integration of all building technology systems
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1.4. Comfort criteria
There are a number of comfort criteria that influence the well-being of people indoors. In addition to
the indoor air temperature and humidity, good indoor air quality and sufficient lighting or shading also
play a decisive role. These can be influenced with the help of building technology systems so that a
comfortable indoor climate and feeling can be provided.

Well-being is also determined by other criteria that cannot be influenced so easily or at all by building
technology systems. These are influences such as disturbing sounds or noise, workload, physical
well-being, illnesses and many more.

In the following, we will concentrate on the comfort criteria that can be influenced with the help of
building technology systems.

Some of the graphics and images used in the SIEMENS self-study program “Introduction to HVAC
and building technology” are used for further explanations.

Fig. 1-6 People discuss comfort criteria’s (Source: Siemens Self-study program)

1.4.1. Room air temperature and room air humidity

When it comes to determining comfortable indoor air temperatures and humidity levels, it depends on
the type of room and how it is used.

Let's look at an office room where people carry out “sedentary work”. The following values make
sense here over the year (see DIN EN 16798-1):

Room air temperature 20 … 26 °C
Room air humidity 30 … 60 % RH (% RH = % relative humidity)

However, it should be noted that many people prefer a room temperature of 21 ... 22 °C in winter
(i.e. when heating).

A range is therefore used. On one hand, people do not always need the same conditions at all times.
On the other hand, especially in summer, the room temperature should be reasonably related to the
outdoor air temperature in order to avoid shock effects on the human body when going outside or
coming in from outside.

The human body does not have a very pronounced sensorium for air humidity. People mainly sense
extreme situations, e.g. very dry air because the mucous membranes and skin dry out or very humid
air because the body can no longer be cooled down so well by sweating.

This range for temperature and humidity also helps to keep the energy consumption for heating and
cooling and the effort for humidifying and dehumidifying low without any loss of comfort.
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Heat and Humidity emission by people

People also influence the indoor climate because they give off both heat and moisture.

Fig. 1-7 Heat emission by people Humidity emission by people
(for sedentary work) (for sedentary work)
70…80 W sensible, temperature increases 80 g/h,person (�Ö approx. 40 W latent heat)

Total heat in the room increases
(Source: Siemens Self-study program)

A person carrying out sedentary work emits approx. 70...80 W of heat, which has a noticeable
(sensible) effect on the room temperature.

People also release moisture into the room. The amount of moisture released is around 80 g per
hour and per person. This moisture evaporates into the room air, which leads to an increase in
heat in the room of around 40 W per person, which is latent (hidden). This means that the room
temperature remains as it is, but the total heat content of the room increases due to the moisture
input.

A person therefore gives off around 1/3 of the heat (40 W latent / 120 W total) via evaporation (sweating,
a little via breathing). The remaining body heat is released roughly via:

- 30 % Radiation
- 30 % Convection
-   7 % Heat conduction (direct contact)

Fig. 1-8 Heat emission of a person doing sedentary work by
Evaporation (1), Radiation (2), Convection (3) und Heat conduction (4)
(Source: Siemens Self-study program)

How much heat is emitted by people also depends on what these people are doing. These activity
levels are described with the “met” value:

1 met �§ 60 W/m2 body surface area; 1 person approx. 1.8 m2

(met = Metabolism)

Total
heat

1 2

3

4

4
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The following approximate heat output values apply for different activity levels (“met” values).

Fig. 1-9 Heat emission from people during various activities
(at normal ambient temperatures)

The amount of moisture released by people also depends on their activity level.

In addition, heat dissipation is also influenced by the clothing worn by people. This is described with
the unit “clo” (from “clothing”) and is a measure of how much the body is insulated by the clothing.

These humidity and heat emission values must be taken into account when planning building
technology systems.

This means that in the case of heating, the heat emitted by people reduces the required heating
output and the moisture emitted reduces the need for active humidification.

On the other hand, when cooling, these heat and humidity emissions are an additional load in the
room, and they increase the cooling capacity (for cooling and dehumidification) required for a
comfortable room climate.

Temperature of the surrounding surfaces, heat radiation in the room

People also interact with the room and the surfaces surrounding them.

The following principle applies (see 2nd law of thermodynamics):

“Heat always flows from the higher to the lower temperature”.

Our body is between 36...30 °C warm. This means that we radiate heat to cool surfaces such as
walls, ceilings and windows. On the other hand, a radiator, for example, which is 45 °C warm,
radiates heat to us.

Fig. 1-10 People radiate heat to cool surfaces (yellow arrows), on the other hand
these people receive radiant heat from warmer surfaces (from the radiator, red arrows)
(Source: Siemens self-learning program)
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Comfort therefore depends on how much heat we radiate or receive in comparison. These heat flows
should therefore be as balanced as possible. Because if we receive too much, we are too warm, if
we radiate too much, we are cold.

Incidentally, excessive radiation of body heat to sensitive parts of the body (e.g. neck, ankles, ...) is
not perceived as radiation, but as a “draught”.

Radiation also has an effect if chilled ceilings are installed in a room. Chilled ceilings are flushed with
cool water (approx. 17...19 °C) and can thus dissipate heat from the room.
Chilled ceilings dissipate up to 60 % of the heat via radiation (depending on the design), the
remaining heat is dissipated via convection.

This means that we radiate heat to the cooling ceilings, and this helps us to keep a “cool head” in
summer.

Fig. 1-11 People radiate heat to chilled ceilings in summer (Source: Siemens self-learning program)

1.4.2. Indoor Air Quality

Two measured variables are generally used for indoor air quality:

- CO2 (carbon dioxide)
- VOC (Volatile Organic Compound)

CO2 as an indicator of occupancy

CO2 is a good indicator of indoor air quality because people in the room breathe in oxygen (O2) from
the room air and then breathe out CO2 (carbon dioxide). This means that the more people there are
in the room, the faster the oxygen content is reduced and, conversely, the faster the CO2

concentration rises in the air.

The CO2 concentration is measured in the unit “ppm”.
(“ppm” means “parts per million” or “millionth part”)

You can imagine how much 1 ppm CO2 is, like this:

1 cm3 = 1 ppm in 1 m3 of air

How many ppm CO2 may be contained in the room air for good air quality?

- CO2 values of up to approx. 1,400 ppm are acceptable air quality
(if permitted according to local regulations)

- 1,000 ppm CO2 is good air quality for offices, schools, ...
(see DIN EN 16798-1)

Chilled Ceiling Chilled Ceiling
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In order to keep the room air at the specified CO2 concentration, the room air is constantly diluted
with outside air. The smaller the difference between the CO2 content in the room and in the outside
air, the more air must be brought in. This quantity of outside air must be transported and conditioned,
i.e. filtered, heated, cooled, etc., which requires a corresponding amount of energy.

The CO2 concentration of the outside air and the desired limit value in the room play a decisive role
here. The CO2 concentration of the outside air is generally around 400 ppm, in urban environments it
is often higher due to road traffic, heating systems that are in operation, etc., e.g. 550...700 ppm.

With a low limit value for indoor CO2 concentrations (e.g. 700 ppm), nobody would complain about
poor air quality. However, such extremely good indoor air quality can only be achieved with a very
high energy input.

Consider the following example (see Fig. 1-12):
If the outdoor air concentration is, for example, 600 ppm CO2, then, compared to a limit value of 700
ppm, there is only a difference of 100 ppm to dilute. With a limit value of 1000 ppm, on the other
hand, the difference for dilution is four times greater, namely 400 ppm. This means that 4 times less
external air is needed for dilution, which of course has a significant effect on energy consumption.

Fig. 1-12 If the CO2 limit value is too low, this has a major impact on the amount of outside air
and therefore the energy required

VOC (Volatile organic compound) as an odor indicator

VOC is an English abbreviation and stands for “volatile organic compound”. However, it is usually
referred to as mixed gas or “odors”.

Odors “evaporate” quickly, i.e. the odor particles soon react with other elements in the air and the
odor usually “disappears” again after a short time.

Odors also tend to occur selectively in a room. Let's think about what happens to the smell when, for
example, filter coffee is brewed.

A VOC measurement is therefore only suitable to a limited extent for adjusting the volume flow of a
ventilation system. For this reason, the VOC measurement value, i.e. the odor load, is usually used
in addition to a CO2 measurement in order to then adjust the volume flow of a ventilation system and
thus maintain the air quality in the room.

Particulate matter as an indicator of indoor air quality

The concentration of particulate matter in indoor air is also increasingly being taken into account as
an air quality indicator.

Fine dust can affect the health of people in the room because the microscopically small particles
(especially < 1 ��m or < PM 1) penetrate deep into the lungs and can lead to various health problems
and illnesses.

If the outdoor air or even the indoor air is heavily polluted with particulate matter, then a larger
quantity of outdoor air cannot simply be introduced (as with excessive CO2 or VOC values). In this
case, the air must be filtered more intensively and thoroughly (see 6.4.4 Air filter). This requires
appropriate system concepts such as switchable filters in air treatment units, separate air
recirculation units in the rooms, etc.

As part of this basic documentation, this topic is not dealt with in detail, especially as the
specifications for what constitutes excessive particulate matter pollution depend heavily on individual
country regulations and vary greatly.
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1.4.3. Air flow velocity in the room

The flow velocity of the room air should be in the range of 0.13...0.2 m/s (in the occupied zone, i.e.
where we sit/stand). In summer, when it is warm, it may be a little higher than in winter. If this air
velocity is too high in the occupied zone, people feel this slow air flow and complain about “draughts”.

The above values apply to rooms with people in a seated position and an air turbulence level of 40%
(see DIN EN 16798-1).

Fig. 1-13 Air flow velocities of up to 0.2 m/s in the occupied zone are perceived as comfortable
(Source: Siemens self-learning program)

1.4.4. Lighting and shading

Rooms where work is carried out should be sufficiently bright. This is achieved when there is an
illuminance of 500 lux (lx) on the work surface - if possible, by natural light, supplemented by artificial
light if necessary. This illuminance depends on the power and luminous intensity of the light source,
but also on the distance to the illuminated surface. This must be taken into account when measuring.

Fig. 1-14 The illuminance should be 500 lux (lx) on the work surface (Source: Siemens self-learning program)

In larger buildings, such as offices, hotels, schools, etc., the lighting is often automated to ensure the
specified lighting intensity. The natural incidence of daylight is taken into account as much as
possible and the light sources are dimmed accordingly (e.g. little artificial light near windows,
stronger lighting towards the darker areas inside). Automation also ensures (e.g. with the help of
presence detectors) that the lighting is not switched on unnecessarily or for unnecessarily long
periods in unused areas. This is because people in the room often do not realize themselves that the
lighting is still switched on, even though there would be sufficient daylight.

Occupied zone
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Shading devices

On the one hand, shading devices (e.g. external blinds, internal slatted curtains) reduce or
completely prevent the heat input from outside due to solar radiation; on the other hand, they can
also prevent glare on the work surface or work equipment such as PC screens.

External shading devices are often automated and react to the changing intensity of solar radiation
and sometimes also take into account the changing position of the sun over the course of the day or
year. A well-functioning shading system prevents rooms from overheating and thus also saves
expensive cooling energy (keyword: summer heat protection).

It is important that people in the room have the option of overriding the shading system if necessary.
Shading devices should also not change position too frequently, as this is quickly perceived as
annoying by people in the room.

Anti-glare devices are often installed internally (in addition to external shading devices) and in many
cases these can be operated manually by the people in the room. This allows the glare protection to
be adjusted individually as required.
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2 Physical principles
2.1. Introduction
From the large field of physics this chapter deals with the most important parts of thermodynamics
and hydrodynamics as they relate to the field of heating, ventilation and air conditioning technology
(HVAC technology). The two terms are explained by way of introduction:

�x Thermodynamics:
A branch of physics in which the behavior of physical systems is investigated when heat
energy is added or removed and when temperatures change.
Here the laws of thermodynamics apply.

�x Hydrodynamics:
A branch of fluid mechanics that deals with the flow of dense (incompressible) substances,
i.e. primarily with flowing liquids. Flows with considerable changes in density are dealt with in
gas dynamics.

SI units

The name “Système International d`Unités” (International System of Units) and the abbreviation SI
were adopted by the 11th General Conference for Mass and Weights in 1960. SI units comprise the
seven basic units and derived units with a factor of unity.

Basic Unit SI Basic unit

Name: Symbol:

Length meter m

Mass kilogram kg

Time second s

Electrical current Ampere A

Absolute temperature and
temperature difference

Kelvin K

Concentration mole mol

Light intensity candela cd

Table 2-1 SI-base units

Derived units are formed by multiplying or dividing the basic units. The same holds for the symbols.
Thus, for example, the SI unit for speed is: Meters divided by seconds (m/s).
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2.2. Thermodynamics
How is heat generated?

Heat is generated, for example, when a space capsule reenters the earth’s atmosphere at almost
40,000 km/h. 2,000 to 3,000 °C, created from the collision of atoms of air with the heat shield, causes
the atoms of the heat shield to oscillate. In this case, heat is produced by friction caused by the loss
of the capsule’s kinetic energy. In each material, be it solid, fluid or gas, the atoms or molecules are
always in motion, i.e. oscillation (Fig. 2-1). And this is the definition of heat, that is, the oscillation of
atoms or molecules: The greater the oscillation, the greater the heat level. When we measure the
temperature of a substance, it is these oscillations that we measure.

Fig. 2-1 Heat is the oscillation of atoms and molecules

State change

If we hold a piece of metal over a flame, we cause the atoms in the metal to be thermally excited.
The atoms begin to oscillate strongly and the metal heats accordingly. The metal expands because
the oscillatory movements of the atoms reduce their mutual attraction (binding force). If we continue
heating, the atoms in the metal lose their intrinsic order: The metal melts and individual atoms even
shoot from the surface as vapor, or more exactly, leave the fluidized surface as gas.

We have now become familiar with the three thermodynamic aggregate states:

�x solid
�x fluid
�x gaseous

Radiation

While these oscillations of the atoms or molecules, together with their constant interactions, take
place, another process occurs, which we also perceive as heat. As a result of the interactions of the
oscillating atoms, individual electrons constantly orbiting the atom nuclei are suddenly flung from
their normal orbit to one further out (Fig. 2-2). However, this condition is unstable, and they return to
their normal orbit relatively quickly, but in only small “quantum” steps. But to ensure that no energy is
lost in the process, they release as much energy in the form of electromagnetic radiation as was
required to increase their orbit.

If this radiation strikes other atoms or molecules, e.g. in our skin, then the energy emitted by them
increases the oscillation of the atoms or molecules, which we notice as heat. This radiation, derived
from heat and causing heat, is referred to as thermal radiation or infrared radiation. It is not visible to
the naked eye.

Radiation allows the emission of heat without a material carrier between the heat source and the
radiated body. This is, for example, how radiant energy from the sun is transmitted to Earth.
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Each warm material radiates thermal energy continually. This also applies to the metal that we
heated and to the flame used to heat it. As soon as we remove the flame, the oscillations of the metal
atoms immediately become weaker, the temperature falls, and the thermal radiation reduces. Just as
the flame thermally excited the metal, now the heated metal excites its cooler surroundings, that is,
e.g. the surrounding air and the pliers we use to hold the hot metal. With this process, the metal
loses its internal energy until its temperature is in equilibrium with the surrounding temperature. Its
atoms, however, at that point are in no way at rest; but continue to oscillate with an energy
corresponding to this temperature.

Fig. 2-2 Electromagnetic radiation through returned energy of the electrons

The presentation of these concepts of the oscillation of atoms and the leaps of electrons from orbit to
orbit allows us to understand the laws of thermodynamics more easily.

First law of thermodynamics

The sum of all energy in a closed system is constant.
Energy cannot be lost nor be created out of nothing
but can only be transformed into other forms of energy.

Kinetic energy

(Formula symbol W) Kinetic energy or momentum is the mechanical energy that a body has because
of its movement.

Nuclear energy

The binding energy of an atom nucleus (in the true sense) is set free or made useful during a nuclear
reaction. On a commercial basis only the energy released by nuclear fission processes in nuclear
power plants has been used until now. The impact of atomic particles in an atomic reactor takes
place at a very high velocity on unfashionable material.

Electromechanical energy

This is the mechanical energy generated by electricity. In heat engines, mechanical and electrical
energy is generated from heat.

Potential energy

This is the energy contained in a body or particle, because of its position in a field of force or
because of its interactive position with nearby bodies or particles. Potential energy is held e.g. by a
raised body, a spring in tension or in the water of a mountain dam. Water power is converted to
electrical energy and this, in turn to electric heat, power to drive motors or light from electricity.

The energy of light is stored as chemical energy in the atoms and molecules of organic material. This
energy can be released during combustion as heat, light and power.

+
+

+

+

+

+
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Mechanical work can be converted into heat. The conversion of heat back into mechanical work is
only partially possible. There are always losses.
Heat is created during transformation processes and is simultaneously a form of energy.

Second law of thermodynamics

Heat can, by itself, never pass from a body of lower
temperature to a body of higher temperature.

A warmer body immediately thermally excites a cooler one and in doing so loses internal energy.
This determines the direction of all heat flows:

�Æ  All heat transfer processes always proceed from the warmer to the colder medium.

The cooling that we detect is never a cold transfer, rather a heat loss of our bodies.

Temperature

Apart from pressure, density and specific volume, temperature is the dimension for the thermal state.
The oscillation of the atoms in each heated material shows us that the lowest temperature, absolute
zero, can only be reached if the atoms no longer move, that is, no longer exhibit the slightest
oscillation.

Practically, this point is unreachable, because the smallest heat quantity is sufficient (e.g. from the
container or even from the thermometer) to prevent the temperature of the substance from going low
enough.

Degrees Celsius °C and degrees Fahrenheit °F

The relative temperature scales (the Celsius and Fahrenheit scales) are based on temperature
dependent material characteristics such as the freezing and boiling points of water.

Celsius-Scale

It was developed by the Swedish astronomer Anders Celsius in 1742. (*1701, †1744)

The calibration points are: 0 °C = freezing point of water
100 °C = boiling point of water

at the standard air pressure of 1,013 mbar.

The Celsius scale is the most commonly used in general daily measurements of temperature
(e.g. room or outdoor temperature).

Fahrenheit scale

Temperature scale introduced in 1714 by the German physicist Daniel Fahrenheit (*1686, †1736).

Fahrenheit had divided the difference between the melting point of ice and the boiling point of water
into 180 parts. Its zero point was determined by a mixture of water, ice and sea salt (or sal
ammoniac, i.e. ammonium chloride) at a comparable -17.8 °C and as this was the lowest measurable
temperature at the time.

Calibration points are: 32 °F = melting point of ice

212 °F = boiling point of water

at normal air pressure of 1.013 bar.

The Fahrenheit scale is still used today in the USA and other countries.
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Kelvin scale

The absolute temperature Theta is based on absolute zero according to Kelvin and corresponds
to -273.15 °C. In physics, the unit for the Kelvin scale is the Kelvin (K)
(Kelvin, British physicist, 1824 – 1907).

Relative to the Celsius scale 0 °C = 273 K and accordingly

n K  =  273.15 + n °C =  absolute temperature T in Kelvin

Temperature differentials �' �� (delta theta) are also specified in Kelvin.
Temperature can be measured by using the thermal expansion of solid materials (mostly metals), the
thermal expansion of liquids (e.g. alcohol in a thermometer), or by changes in electrical resistance
(see under “Measuring Systems”).

Fig. 2-3 Temperature scales for °C, K, °F

Zero point: 0 °C = 273.15 K = 32 °F

Degrees Celsius to Kelvin: K = °C + 273.15

Degrees Celsius to degrees Fahrenheit: °F = °C · 1.8 + 32

Comparison and conversion of the various scales

°F in °C and °F in °C:

°C = 5/9 · (°F - 32) resp.   0,55 · (°F - 32)
°F = 9/5 · °C + 32  resp.     1,8 · °C + 32

Example: 10 °C �Ÿ  283.15 K �Ÿ  50 °F

When calculating with temperatures, but also in reports, communications and writings, we designate
a specific temperature with the Grecian letter �� ( ”theta", previously often shown with �-).

Thus, for example, �� = 7 °C.

Frequently t = 7 °C is also written. As long as only the temperature is involved, this would be
acceptable. As soon as the time “t” becomes involved with a momentary consideration, formula or
calculation, however, the possibility for mistakes increases.

Temperature differences �'�7 (delta T, often also delta theta �'�T, or the old spelling �'�- ) are usually
specified in Kelvin:

e.g. �'�7��= 20 K, between the flow and return temperatures in a water pipe network

If it is a specific temperature, then �� is given index letters. These are normally the leading letters of
the associated term:

��IDA (theta Indoor Air), ��ODA (theta Outdoor Air)

100

0

- 273,15

°C

212

32

- 459,67

°F

373,15

273,15

0

K
Boiling point
of water

Boiling point
of water

absolute
zero point
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Different temperatures in a room, a storage tank or along a surface are numbered.

The average (mean) temperature from these temperatures is denoted by e.g. �Tm = �� �T1…�Tn / n.

Fig. 2-4 Numbering of different temperatures in the same object

The temperature is measured by thermal expansion of solid materials (especially metals), liquids
(e.g. alcohol in the thermometer), or by changing electrical resistances (e.g. Pt100 �
 , Ni1000 �
 , ...).

2.2.1. Thermal expansion of solid materials

Thermal expansion

All substances, whether solid, liquid or gaseous, expand upon heating (energy supply). The amount
of expansion, however, varies. This thermal expansion is associated with powerful forces. Bridges,
for example, must be set on bearings and possess expandable joints, so that they do not crack in
winter and do not destroy their supports in summer.

Let us first compare how strongly and differently a steel rod of 1 m length and a copper rod of the
same length expand upon heating.

Linear expansion

Temperature change Steel Copper

-100 °C 0 °C + 1.67 mm +2.65 mm

0 °C 100 °C + 1.20 mm +1.65 mm

100 °C 200 °C + 1.31 mm +1.73 mm

200 °C 300 °C + 1.41 mm +1.77 mm

300 °C 400 °C + 1.52 mm +1.92 mm

Table 2-2 Thermal expansion of steel and copper

We recognize that differing materials expand differently and this in accordance with the
linear expansion coefficient �D.

The coefficient of linear expansion is the increase in unit length of a body upon a 1 K increase in
temperature. This number changes somewhat with temperature increase, so fixed averages are used
in calculations.

Body �D   mm Body �D   mm

Iron (Fe) 1.23 Platinum (Pt) 0.9

Aluminum (Alu) 2.38 Copper (Cu) 1.65

Table 2-3 Thermal expansion of different metals

�T3

�T1

�T2
�Tm

�T1

�T2

�T4
�T5

�T3
�T4

�TSupply �TReturn
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A 3 m long radiator made of steel expands approximately 0.5 mm per meter upon warming to 40 K,
thus it approximately expands by 1.5 mm (Fig. 2-5). This is a considerable amount. The radiator
expands this much each morning in winter when the heating system switches from reduced night
operation back to full output, becoming some 40 K warmer in the process in a few minutes.

Fig. 2-5 Thermal expansion of a steel radiator

If the radiator is fixed in place so that it cannot glide freely, the familiar cracking sounds are heard
when the radiator is expanding. In poorly controlled systems, where the radiator temperature
continually oscillates, the cracking can be heard the entire day.

Bimetallic elements

Thermal expansion of materials not only provides the engineer with difficulties, it can also be utilized
technically: In a bimetallic element, two metals of different linear expansion are soldered together
(Fig. 2-6). If this "sandwich metal” (1) is heated, it is forced to bend because one side expands more
than the other. Also, the longer the bimetallic element and the higher the temperature, the stronger
the bending. If the element is formed in a circle or a spiral and supplied with a pointer and
appropriately calibrated, the bimetallic element becomes a bimetallic thermometer, (2). If it is
supplied with a contact, it becomes a thermal, that is, a temperature-dependent switch (3-4).

Fig. 2-6 Bimetal applications:
Bimetal in cold and warm state (left),
Bimetal thermometer for displaying water temperatures (center; source: Jako, AT)
Bimetal thermometer element in screw form (sectional view on the right; source: tec-sience.com)

Such bimetallic switching systems are often used in technical applications: In simple designs as
safety switches against excessive temperature (e.g. in motor windings or for motor protection), and in
high-quality designs with adjustable switching points as thermostats. The temperature-sensitive
bimetallic element is specified as a bimetallic sensor.

3000 mm bei 20 °C

3002 mm bei 60 °C
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2.2.2. Thermal expansion of liquids

The molecular cohesion of liquids is smaller than that of solids: Liquids therefore expand more when
heated. However, like solids, liquids also have a different coefficient of expansion and also expand
more per K at high temperatures than at low temperatures.

For liquids and gases, the coefficient of expansion at constant pressure is

�J (Ypsilon)  [1/K].

Volumetric expansion

Liquid �J 10-3/K Liquid �J 10-3/K

Gasoline 1.20 Water (20...70 °C) 0.20...0.59

Fuel oil EL 0.7 Olive oil 0.72

Table 2-4 Volumetric expansion coefficient of different liquids

Thermal expansion of liquids is again used for thermometers and in the construction of temperature-
dependent switches (Fig. 2-7).

Fig. 2-7 Thermal expansion of liquids in thermometers and thermostatic applications

Liquid thermometer for measuring body temperature (left; Source: Geratherm)
Thermostat (adjustable) with capillary sensor (center; Source: IMIT)
Thermostatic actuator for radiator valves (right, Source: Siemens)

In the thermometer (left), the liquid (blue) in the measuring part expands when heated, causing it to
rise in the capillary and show the measured body temperature on the scale.

The thermal switches, meaning the temperature regulators with liquid expansion sensor (center), are
similar in principle. The sensor, capillary tube, internal metal can, and membrane are filled with a
liquid. If this expands when heated, the membrane is stretched and actuates the switching system.

Instead of a switch, the membrane expansion can also be used to actuate the valve tappet of a
smaller valve. This is done with a thermostatic actuator for radiator valves (right).
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2.3. The medium “water”
2.3.1. Aggregate states of water

Water changes its state depending on the amount of heat added/removed and the associated
temperatures. These states are called aggregate states.

Water can have a solid, liquid or gaseous (vaporous) state.

The states are reached by exciting the molecular structure of the water by adding heat or calming it
down by dissipating heat. Every change of state therefore always involves a certain change in the
heat content of the water.

The relationships can be illustrated well in a temperature-enthalpy diagram (Fig. 2-8).

Fig. 2-8 Aggregate states and changes of state of water with corresponding enthalpy values
(enthalpy = heat content)

Heating

Let's start by looking at the heating process, because we are familiar with this from “boiling” water at
home on the stove or using a kettle. If we fill water from the tap into the saucepan or kettle, then
water is in a liquid state because its temperature of approx. 10...15 °C is above 0 °C.

To heat 1 kg of water by 1 K, 4.19 kJ of heat is required. This value is called the specific heat
capacity and is designated as “c”.

�Æ Specific heat capacity cwater = 4.19 kJ/(kg·K)

To heat 1 kg of water from 0 °C to 100 °C, i.e. by �' T = 100K, the following amount of heat must be
added (+):

�' T · cwater = 100 K - 4.19 kJ/(kg·K) = 419 kJ heat

The so-called “boiling point” is then reached at 100 °C.

Evaporation

If further heat is added to the water at 100 °C, the evaporation process begins. This requires a lot of
heat because the molecular structure of the water must be stimulated to such an extent that the
individual molecules separate from each other and become free-floating, i.e. a gaseous or vaporous
state is reached.

The amount of heat (+) supplied for this is called “heat of evaporation” and is designated by “r”.

�Æ Heat of evaporation r = 2257 kJ/kg
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The heat of evaporation r is therefore more than 5 times greater than the amount of heat required to
heat the water from 0 °C to 100 °C.

During evaporation, the temperature remains constant at 100 °C and eventually the so-called
“saturation point” is reached, i.e. 1 kg of water has been completely converted into 1 kg of vapor
(gas).

Superheating

If heat is added to the saturated steam (also known as saturated vapor), the temperature of the
steam increases. Because this heat is now supplied to a steam or gas mixture, other laws apply and
it is therefore no longer possible to work with constant values.

The amount of heat required for a certain superheat must therefore be taken from a steam table (see
Fig. 2-10) or an h, log p diagram (see 4.4.6) for water, for example.

Desuperheating

If superheated steam is cooled down, this is referred to as “desuperheating”. This is because heat
must be removed from the steam until the “saturation point” is reached. Only then can the aggregate
state be changed again by further heat removal.

Condensation

If heat is removed from saturated steam (saturated vapor), the molecular structure gradually calms
down, and the molecules gradually recombine to form a liquid again. This process is called
“condensation” or “liquefaction”. The same amount of heat must be removed as was previously
added for vaporization.

The condensation or liquefaction process ends at the “boiling point”.

�Æ Condensation heat is dissipated (-) and corresponds to the heat of vaporization r = 2,257 kJ/kg

During the entire condensation process, the temperature remains constant at 100 °C.

Cooling

If heat is removed from water at 100 °C, it cools down. This “cooling” happens either deliberately,
e.g. in a heat exchanger, or more or less unnoticed, e.g. when a hot drink gradually cools down
because heat is released into the cooler environment.

If water at 100 °C is cooled down to 0 °C, 4.19 kJ/(kg-K) must be dissipated (-), i.e. a total of - 419
kJ/kg.

Freezing and melting (solidification and thawing)

If heat is removed from water at 0 °C, the molecular structure calms down further and the molecules
gradually wedge into each other and the water becomes solid, i.e. it freezes (or solidifies) into ice.

Freezing of water means that a relatively large amount of heat must be removed from the water.

This dissipated (-) heat is the heat of solidification = - 335 kJ/kg.

If ice is to be thawed, this amount of heat must be added (+) to the ice, as so-called
“melting heat” = + 335 kJ/kg.

When ice freezes or melts, the temperature remains at 0 °C.

This point is called the “freezing point” or “solidification point”.
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Sensible and latent heat

As shown above, there are changes of state where the temperature changes, and others where the
temperature remains constant.

If the temperature changes when heat is added or removed and the aggregate state remains the
same (e.g. liquid), this is referred to as “sensible heat”.

Sensible comes from the Latin word “sentire”, which means to feel or sense. A sensitive process,
such as heating, is therefore a change that we can feel or that can be measured with a sensor.

If the temperature remains constant but the aggregate state changes when heat is added or
removed, this is referred to as “latent heat”.

Latent comes from the Latin word “latere”, which means to be hidden. A latent process, such as
evaporation, is therefore a change that we cannot feel or measure in terms of temperature, but which
manifests itself in a change of aggregate state.

In the following diagram (Fig. 2-9), sensible and latent heat are assigned to the corresponding
processes.

Fig. 2-9 Aggregate states of water and allocation of sensible and latent heat

Dependence on pressure

All the changes in the state of water described above and the associated heat values apply at an
ambient pressure of 1,013 mbar (0 m above sea level).
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Water vapor table

When working with water at pressures other than normal pressure, a water vapor table (Fig. 2-10)
shows the corresponding values in tabular form.

Fig. 2-10 Water vapor table shows parameters as a function of pressure;
with values highlighted at 0.5 bar, 1.0 bar and 2.0 bar and
boiling temperature at very low system pressure (vacuum) of 0.01 bar (1 kPa)

 Column(s) show(s) …

 Pressure p Pressure in kPa or bar

 Temperature �� Boiling-temperature in °C

 Specific volume Specific volume

for water v' in dm3/kg (volume in dm3 !)

for steam v'' in m3/kg (volume in m3 !)

 Density of steam Density of steam in kg/m3

 Enthalpy Enthalpy (heat content)

for water h' in kJ/kg

for steam h'' in kJ/kg

 Heat of evaporation Heat of evaporation r in kJ/kg

where r = h'' - h'

Example

If the pressure in a water system is reduced from 1.0 bar to 0.5 bar, the following changes occur
(see Fig. 2-10):

The temperature at which the water boils drops to 81 °C. The specific volumes also change - the
steam in particular takes up much more space. This is also reflected in the greatly reduced density of
the steam.

The enthalpies of the water h' and the steam h'' are also changed and as a result the heat of
vaporization r increases to around 2,300 kJ/kg.

Very low pressure �Æ Vacuum

If the pressure in a system is greatly reduced, i.e. a vacuum is created (see Fig. 2-10 at 0.01 bar),
water can evaporate at very low temperatures, e.g. at around 7 °C. However, massive components
are then required, and the system must be built extremely tightly in order to maintain this vacuum.

V
ac
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Higher pressure than normal pressure

If the pressure in a system is kept above normal pressure (with the help of the expansion vessel, see
3.4.4), the boiling temperatures are higher than 100 °C.

If the pressure in a system is kept at e.g. 2.0 bar, then the boiling temperature is 120 °C. If
temperatures above 100 °C are used in this system, it is referred to as a hot water system.

Effect of different altitudes (m above sea level) on boiling temperature

Water boils at 100 °C in a cooking pot at sea level (0 m above sea level), as mentioned above.

If you use a pressure cooker (pressure cooker), a boiling temperature of 110 °C can be reached at a
pressure of 1.5 bar, for example, which allows food to cook faster. This reduces the cooking time and
energy consumption at the same time.

If, on the other hand, a hut warden cooks pasta (noodles) in a mountain hut at 3,000 m above sea
level, the water boils at 90 °C (recognizable by bubbling water with steam bubbles) because the air
pressure is approx. 0.7 bar. It therefore takes a few minutes longer than at sea level for this pasta to
be cooked “al dente”.

Fig. 2-11 Boiling temperatures of water at different altitudes (m above sea level)
and thus different ambient pressures

Volume change and density change

Like all liquids, water also expands when it is heated. This leads to a change in volume and therefore
also to a change in density.

Fig. 2-12 Tables for volume and density changes of water as a function of temperature

- 20,5 kg/m 3 (- 2 %)+ 21 l (+ 2 %)
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The table on the left in Fig. 2-12 shows the extent to which the water in a heating system expands.
Let us assume that there is a total of 1,000 liters (or 1 m3) of heating water at 20 °C in the boiler, the
pipes and the radiators and that this system is very often operated at a temperature of 70 °C in
winter.

Heating by 50 K leads to an increase in volume of 21 liters!

These 21 liters must be collected somewhere, otherwise undesirable or even dangerous increases in
pressure can occur and system components or pipe connections can burst.

Every hot water central heating system is therefore equipped with an appropriately designed
expansion vessel.

Conversely, the temperature-dependent change in volume means that the density �! in kg/m3

(or per 1,000 l or dm3) decreases as the temperature rises.

The table on the right in Fig. 2-12 shows the extent to which the density decreases when water is
heated from 20 °C to 70 °C in a heating system.

Heating by 50 K leads to a decrease in density of around 20 kg/m3.

Temperature stratification

Hot water is therefore lighter than cold water and therefore tends to rise in pipes and other parts of
the system. This results, for example, in stratification in a heating/cooling storage tank with warm
water at the top and colder water at the bottom (Fig. 2-12, left).

Fig. 2-13 Stratified storage tank Temperature stratification of flowing water
with hot water at the top in pipes
and cold water at the bottom (Source: Ratiotherm)

The tendency of warm water to stratify over colder water is so strong that such stratification can even
be maintained in pipelines over long distances (Fig. 2-13, right). This must be taken into account at
the installation site and when installing temperature sensors in pipes.
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The anomaly of water

Water has a few other special characteristics. One of these is the “anomaly of water” at a water
temperature of 4 °C. Water has its greatest density at 4 °C (see Fig. 2-14) and expands from this
state both when heat is added and when heat is removed. This is due to the molecular structure,
which is most densely packed at 4 °C.

Water that is warmer than 4 °C “floats”, so to speak, on the 4 °C cold water. However, water that is
colder than 4 °C also “floats” on top in winter. This allows ice to form on the surface of lakes, rivers,
etc.

Fig. 2-14 “Anomaly of water”: Water has the highest density at 4 °C (table on the left) and
Molecular structures of water at different temperatures (Quelle: worldoceanreview)

Solidification of water into ice

While other liquids contract when they solidify, water expands considerably.

Ice therefore requires much more space than water at 0 °C, namely approx. + 9 %.

For 1,000 kg of water, the volume increases from 1,000 l to 1,090 l!

Fig. 2-15 Volume increase of water during solidification (freezing to ice)
and associated molecular structures (Source: worldoceanreview)

This expansion occurs because the molecules wedge themselves into a lattice structure during
solidification. This lattice structure takes up more space than the molecular structure of the liquid
form (Fig. 2-15, top left). This also reduces the density, which is why ice floats on/in water.

Ice therefore also cracks rocks, road surfaces and house facades with tremendous force and causes
pipes and other components in heating and cooling systems to burst.

For this reason, HVAC systems must ensure that water in pipes never freezes, as this would result in
very expensive system damage and long downtimes.

20��°C 1001,8 Liter

10��°C 1000,4 Liter

4��°C 1000,0 Liter

2��°C 1000,1 Liter

0��°C 1000,2 Liter

1000��kg Water

Water 4 °C

Water 0…4 °C

Water > 4 °C

Water 4 °C

Water 0…4 °C

Water > 4 °C

Volume
1,000 l

Volume
1,090 l

Ice

+ 9 %
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Protection against freezing

If water is used in situations where there is a risk of freezing, a certain amount of antifreeze (glycol) is
added to the water.

By adding e.g. 25 % glycol, “frost protection” (no freezing) down to - 12 °C can be ensured. However,
this also reduces the specific heat capacity “c” of the mixture by approx. 8 % compared to water.

Two types of glycols are used:

- Ethylene glycol, with the best physical properties in HVAC systems,
or

- propylene glycol, which must be used in systems in the food sector

Fig. 2-16 Water-glycol mixture in a geothermal probe to protect against freezing
(Source: BWP German Heat Pump Association)

geothermal
probe of a
heat pump

 - 12 °C

“Brine”
Water-glycol

mixture
prevents
�7 Risk of
freezing in
geothermal

probe
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2.4. The medium air
The air surrounds the earth in the form of an envelope and exerts a variable pressure on it
(barometer reading). First and foremost, living beings need air to breathe. An adult human being, for
example, needs around 0.5 m3 of air per hour to maintain the life process. However, air also fulfills
other vital tasks. For example, it absorbs huge quantities of water from the surfaces of lakes and
oceans in the form of water vapor, transports it over great distances and allows it to fall back to earth
as precipitation.

The physical variables used to describe the state of the air are called state variables. These are also
used in air conditioning technology, where air temperature, humidity, air quality and air pressure are
of particular importance.

Pure dry air

Air is a mixture of gases, vapors and impurities. Dry, pure air only exists in theory. It consists of the
following gases:

Fig. 2-17 Composition of dry air

As the diagram in Fig. 2-17 shows, dry air consists mainly of nitrogen and oxygen. Other gases are
also present in very small quantities. From an air quality perspective, the oxygen content is
important, as is the concentration of carbon dioxide (CO2). This is around 0.04 %, which corresponds
to a value of 400 ppm.

The air also contains a few grams of water as vapor and impurities such as dust particles and odors
(VOC).

Humidity or air humidity

Air humidity or air moisture refers to the water content of the air. In the case of air humidity, the water
is homogeneously mixed with the air in a gaseous state. The air only has a limited capacity to absorb
water. This limit is referred to as saturation. Below saturation, humid air is indistinguishable to the
eye from dry air, i.e. completely colorless and transparent. Above saturation, the excess water
precipitates in the form of very fine water droplets as mist or clouds. The amount of water absorbed
at saturation depends on the air temperature. It increases progressively with the temperature. At 0
°C, for example, it is 3.9 g/m3, at 20 °C it is already 15 g/m3 (also dependent on air pressure).

These complex dependencies can be illustrated very well with the help of the h,x diagram.

h,x-diagram

The conditions of humid air can be represented very well in an h,x diagram.

Further detailed information can be found in the following documents:

- Siemens basic brochure “Psychrometric chart – structure and application”
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- Siemens YouTube video “Psychrometric chart (an introduction to the h,x-diagram”

Fig. 2-18 Typical h,x diagram (Europe, portrait format) and diagram section with designation of the lines

Comfort field in the h,x diagram

When discussing comfort criteria (see Chapter 1, 1.4), you learned about suitable ranges for the
room air temperature and the room air humidity, e.g. for an office room at 21...26 °C and 30...60 %
RH.

How these two variables depend on each other can now be shown very nicely in the h,x diagram as
a so-called “comfort field”.

In addition to the temperature and humidity range listed above, there is another comfort aspect: the “
mugginess limit”.

This is reached at 11.5 g/kg absolute humidity.

The “comfort field”, e.g. for an office room, is thus completely defined (Fig. 2-19).

Fig. 2-19  “Comfort field” for e.g. an office room with mugginess limit (at x = 11.5 g/kg absolute humidity)

Here is a brief explanation from our colleague about the “ mugginess limit”:

Our body has an ingenious cooling mechanism. It constantly secretes moisture (sweat) on the
surface of the skin, which evaporates and thus cools the body. If the absolute water vapor content of
the air is higher than the “mugginess limit”, this secreted moisture can no longer evaporate, and it
remains on the surface of the skin.

We find this unpleasant and then say: “it's muggy”.
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If the condition of the room air is within this “comfort field”, then most people find this condition
pleasant or comfortable. This means that < 15 % of people are dissatisfied with the indoor climate
conditions specified by the comfort field.

This is also because we humans are not very sensitive to temperature, but above all to humidity. This
means that we mainly feel too cold, too warm, too dry and too humid.

Fig. 2-20 Most people perceive indoor air conditions outside the “comfort zone”
as too cold or too warm or too dry or too humid

Dew point and dew point temperature of an air condition

If the room air cools down considerably on cool surfaces (e.g. on windows), “dew” or “condensation”
can form on this surface. This condensation occurs because the saturation of the air condition, i.e.
100 % RH, is reached when the air cools down.

This condition is called the “dew point”. The associated temperature is the “dew point temperature”.

Fig. 2-21 Dew point and dew point temperature as an example to describe the “mugginess limit”

The previously mentioned “mugginess limit” is often also described with the help of the
corresponding dew point temperature, e.g. by meteorologists in weather reports. In the example
shown (Fig. 2-21), the “mugginess limit” is at a corresponding dew point temperature of 16 °C.



40

Density dependent on air temperature

As the temperature rises, the air becomes lighter, i.e. the density �! (rho) in kg/m3 decreases (Fig.
2-22).

The air density at 20 °C and an absolute humidity x = 4 g/kg is 1.20 kg/m3.

At approx. 33 °C and the same absolute humidity content, this is then only 1.15 kg/m3.

This property, that warmer air is lighter and cold air is heavier, must be taken into account when
blowing air into a room.

air into a room. If too little attention is paid to this, warm air can remain suspended in the ceiling area,
while cold air can quickly fall to the floor, which can lead to unpleasant draughts (see Fig. 2-22).

Fig. 2-22 Warm air is lighter than cold air, Effects in the room if air is blown in
Hot air balloon rises as a result too warm or too cold

A warm radiator installed below a window (Fig. 2-23) heats the surrounding air and causes this air to
rise. This air rises relatively quickly, causing the air in the room to move. This air circulation is
deliberately triggered with convector radiators, for example, because this distributes the heat in the
room more quickly.

Fig. 2-23 Air circulation in a room with radiators

Since the air particles can move around very freely, they mix much more easily with each other, so
that we observe a less sharply defined temperature stratification in gases than, for example, in a hot
water storage tank (see Fig. 2-13).

Source:
Pixabay



41

Density dependent on air pressure

The density is also influenced by the air pressure or altitude.

The previously discussed situation (Fig. 2-22 ) was at 1013 mbar (0 m above sea level).
If we now consider the situation at 950 mbar, for example, which corresponds to 540 m above sea
level, the air is less dense and therefore lighter.

Fig. 2-24 Dependence of density on air pressure or altitude

Gas laws

The previously mentioned relationships between air temperature, air pressure and air density are
defined in the corresponding physical laws.

Boyle-Mariotte and Boyle-Mariotte's law

Law discovered by R. Boyle and E. Mariotte:

In a given volume of an ideal gas, the product of pressure p and volume V is constant at a constant
temperature. The density behaves like the corresponding pressures.

Pressures: p1 - V1 = p2 - V2 at constant temperature (isothermal)

Density: �U1 - V1 = �U 2 - V2 at constant temperature (isothermal)

Gay-Lussac and Gay-Lussac's law

This describes the laws governing the behavior of ideal gases:

The volume V increases linearly with the absolute temperature T (at constant pressure p):

V1 = V0 - (1 + �. - T1) = V0 + V0 -- T(1 (V0 = volume at 0 ºC, temperature T1 in K)

The isobaric (p = constant) coefficient of expansion for all ideal gases has the value �D = 1/273 K.
This means that at constant pressure, the respective gas volumes behave like the absolute
temperatures of the gas.

V1 / V2 = T1 / T2 at constant pressure (isobaric)

Gases and gas mixtures, such as air, expand by 1/273 of their volume at 0 °C for every K of
warming. (�D = 0.00366 K-1)

This means that 1 m3 (= 1,000 dm3) of air always expands by around 3.66 dm3 when heated by 1 K.
Whether the air is heated from 0 °C to 1 °C or from 20 °C to 21 °C has no influence on this
calculation.

Barometric
pressure:

1013 mbar
0 m.a.s.l.

Barometric
pressure:
950 mbar

540 m.a.s.l.
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Heat content at different air conditions

The h-x diagram is very useful for showing how the enthalpy (heat content) of the air changes
when it is heated and humidified, e.g. by people in the room (Fig. 2-25).

The air condition in the room is at 20 °C and at an absolute humidity of 2 g/kg.

Due to the warmth of the people, the temperature rises to 24 °C over time. The enthalpy increases by
4 kJ/kg from 25 kJ/kg to 29 kJ/kg.

People also release moisture (e.g. 3 g/kg) and this increases the relative humidity in the room from
11 % RH to around 27 % RH . The enthalpy increases sharply, from 29 kJ/kg to just over 36 kJ/kg, at
a constant room temperature. That is why we speak here of a latent (hidden) enthalpy increase.

Fig. 2-25 Change in enthalpy due to heat and moisture released by people in the room

Heat

Heat is not only brought into rooms by people, but heat should also be provided and distributed in a
building and transferred to rooms and systems, or removed from there (heating, cooling).

The unit of heat is joule or kilojoule, i.e. 1 kJ = 1,000 J.

If, for example, 200 kg of water are heated from 50 °C to 70 °C in a heating system, then this
requires a heat quantity Q of:

Q = m · c · �' T =  200 kg · 4.19 kJ/(kg·K) · 20 K = 16,760 kJ

If this water flows at 70°C into the radiator and returns to the boiler at 50°C, it has since released the
16,760 kJ that was previously supplied; for the most part to the air in the living spaces, and to a
lesser extent as so-called heat losses through the pipes to the environment.

Power (heat flow)

This heat quantity of 16,760 kJ must not only be provided once but must be supplied to the rooms
continuously over time.

The heat Q (energy, work) introduced in a certain time (h) is the Power Q�F (or the heat flow).

For the above example, this amount of heat should now be supplied for 1 hour (3,600 s).

Therefore, the required Power (heat flow) Q�F is:

Q�F = 16,760 kJ/3,600 s �Ö Q�F = 4.66 kJ/s  resp. 4.66 kW
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The Power Q�6 (heat flow) is dependent on:

- the mass flow m�6(mass per time unit)
- the specific heat capacity c

of the medium
- the temperature difference �' T.

or, instead of the mass flow,

- from the volume flow V�6 (volume
per time unit)
and the density �! (rho) of the medium

The power Q�6 in kW (or W) is therefore proportional to the mass flow in kg/s
or to the volume flow V�6 in m3/h and to the temperature difference �' T in K.

If the power Q�6 in a system needs to be adjusted, either the mass flow m�6 or the volume flow V�6 must
be increased or decreased accordingly, or the temperature difference �' T must be changed, e.g. by
mixing cold and warm water (see “mixing rule” further below in the description).

For the usual system situations, the specific heat capacity “c” can be considered constant.

The density �! changes, as seen before, depending on the temperature and, in the case of air (gas
mixture), also depending on the air pressure or altitude.

We have already discussed how large the specific heat capacity “c” is for water or air.

Here once again for comparison:

It can be clearly seen that with 1 kg of air around 4 times less heat or cold can be transported than
with 1 kg of water.

Furthermore, it should be noted that the specific heat capacity “c” refers to 1 kg of a medium.

If we compare the specific heat capacity “c” of water and air in this regard, it can be seen that 1 kg of
water has a volume of approx. 1 dm3. 1 kg of air, on the other hand, has a volume of around 830
dm3, at a density of 1.2 kg/m3.

Fig. 2-26 Air requires much more volume compared to water
to transport the same amount of energy.

To achieve the same output with air in the systems, a much larger volume must be transported than
with water, which requires an enormous amount of space in the building.

Air is therefore a poor heat transfer medium. For this reason, heating and cooling power should be
distributed in the building with water (or other liquids such as water-glycol mixtures) if possible and
only transferred to the air at the point of use if necessary.
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Mixture rule

The mixture rule is the equation for determining the mixing temperature ��m, which occurs when two
substances with the masses m1 and m2, the associated temperatures ��1 and ��2 and the specific heat
capacities c1 and c2 are mixed with each other without the supply or removal of heat.

From the balance of absorbed and released heat, it follows that:

Qabsorbed = Qreleased

m1 · c1 · (��m - ��1) = m2 · c2 · (��m - ��2)

Mixing temperature ��m=
m1�„ c1�„ ��1+ m2�„ c2�„ ��2

m1�„ c1 + m2�„ c2

�Òin °C

or, in simplified terms, when mixing two identical media,

i.e. with the same specific heat capacity c1 = c2:

Mixing temperature ��m=
m1�„ ��1+ m2�„ ��2

m1+ m2

�Òin °C

In building technology, mixing processes occur on the water side in hydronic circuits (e.g. in a flow
temperature control) and on the air side in mixing air dampers in ventilation units.

This mixing rule can also be used with mass flows 	À1 and 	À2.

Time behavior of heat transfer (transfer behavior)

The question at the heart of all heat transfer processes is:

How much heat is transferred per time unit at a temperature difference of x Kelvin from a component
to a medium (gas or liquid), or from the medium to a component?

Exponential function

Processes in which the magnitude changes in relation to the magnitude itself follow an exponential
function, a so-called e-function. In Fig. 2-27, it can be clearly seen how the temperature change per
time unit becomes smaller and smaller, since the temperature difference to be overcome itself
becomes smaller and smaller (and this, after all, determines the amount of heat transferred).

Fig. 2-27 Temperature change per time unit

Nearly 2/3 (mathematically exact: 0.632 or 63.2%) of the total temperature difference �' ��max – here
designated as �' x =100 % – is overcome in time T (referred to as the time constant).

In the next time unit of the same size, up to 2T, once again 63.2% of the remaining 36.8% is
overcome.

= �' �Tmax
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And exactly the same change occurs in the third time unit, up to T3: Again, 63.2% of the remaining
temperature difference is overcome, and so on, until at approximately 5 T, the balance is essentially
reached.

A specific example:

We immerse a thermometer into melting ice until it indicates 0 °C. Then, we remove it and
immediately immerse it in water which is held at a constant 100 °C. At the same time, we start a stop
watch and measure how long it takes the thermometer to reach 63 °C. Let’s assume that for our
experimental conditions, this takes 20 seconds. Now, we can predict that after an additional 20
seconds, the thermometer would show 86 °C and after another 20 seconds, 95 °C. Afterwards, the
temperature would increase only very slowly. Only after about 5 times 20 seconds, would it finally
show almost 100 °C. Theoretically, that is, mathematically speaking, 100 °C would be attained only
after an infinite period of time.

This behavior is also exhibited by resistance measuring elements in temperature sensors (e.g.
PT 100 �
 , Ni 1,000 �
 , etc.). That is why the time constant T is listed in the data sheet for such
sensors as a measure of how quickly a temperature sensor can provide a reliable measured value
(after a time > 5T).

2.5. Fluid mechanics
If you want to supply a certain power with water or to renew the air in a room, these media must be
routed through appropriate pipes or ducts, i.e. they flow through the pipe or duct network and through
components such as control valves, heat exchangers, air diffusers, etc.

2.5.1. Flow

Flow is the continuous, steady movement of liquids, gases and plasmas. A distinction is made
between:

- flows without friction (frictionless)

- flows with friction

Flows without friction (not in HVAC systems)

If the frictional forces that occur at the boundary surfaces between the body and the fluid and
between the individual fluid layers are neglected, then this is referred to as a frictionless or ideal flow.
Frictionless flow is important for a general understanding of flow processes and for calculating
velocity and pressure conditions (e.g. on a turbine blade or an aircraft wing).

It is not relevant for building services engineering, i.e. in HVAC systems.

Flows with friction

The flow of a liquid or gas in a pipe can be laminar (layered) or turbulent (swirling).

In the case of laminar movement in a pipe, the individual particles of the medium move on axis-
parallel streamlines, generally at different speeds.

Turbulent flow is the usual form of flow in building technology systems because the routing of the
pipes and the various components cause new turbulences to form again and again.

Fig. 2-28 Laminar flow   Turbulent flow

Shear stress (friction) occurs between the individual flow lines, which increases the more viscous the
liquid is.
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Laminar flow

This is a flow with non-intersecting flow paths. The liquid or gas particles slide over each other as if in
layers, causing a parabolic velocity profile (Fig. 2-29, left).

Shear stresses and a corresponding frictional resistance arise.

If laminar flow occurs in a heat exchanger, the power transfer is greatly reduced. Therefore, laminar
flow in heat exchangers should be avoided (through appropriate design and suitable hydraulic
circuits).

In ventilation systems, however, it is used in draft-free displacement ventilation (in special system
situations such as clean rooms, operating areas, etc.).

Turbulent flow

This exhibits a very agitated, swirling flow pattern. The flow filaments disintegrate and disappear, and
transverse and mixing motions arise. The central regions supply energy to the outer layers. The
slower outer particles move inward and have a braking effect, whereby the velocity profile becomes
more balanced (Fig. 2-29, right).

Fig. 2-29 Velocity profile in a pipe

Laminar flow Turbulent flow

In HVAC applications, one almost always has to deal with turbulent flow. Angled pipes and air ducts,
devices such as heat exchangers, fans, control valves, etc. and protruding edges cause the flow to
swirl. In a pipe, the final flow pattern is only achieved after a certain distance, which is about 10 times
the pipe diameter.

Reynolds number

For a given pipe, the transition from laminar to turbulent flow occurs at a certain critical speed, which
is expressed with the critical Reynolds number (Re) (Re = numerical value that is formed from the
pipe diameter, flow speed and viscosity of the medium). The Reynolds number is influenced by the
friction on the wall, speed changes and other factors.

Fig. 33 Fig. 34
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Flow resistance

The flow resistance in pipes, ducts and bends also depends on the material properties (pipe or duct
walls). To convey a liquid or a gas through a pipe, a pressure difference �' p is required to overcome
the frictional resistance. To keep the pressure loss as low as possible, baffle plates are installed in air
ducts, for example, or pipe guides are designed accordingly.

The drag coefficient �] (Zeta), multiplied by the dynamic pressure pdyn in the flow cross-section, results
in the pressure loss p in the relevant duct section:

� > � @Pa
2

w
pp

2

�˜� �' �˜�]

Fig. 2-30 Reducing p by designing pipes or ducts to be flow-efficient and by installing baffle plates

If one looks at the flow pattern 20 cm behind a 90° deflection in a rectangular duct (with a side length
of 10 cm) and laminar flow at the inlet, a highly distorted velocity profile can be seen directly behind
the deflection. In some places, there may even be reverse flows. After a further 80 cm, the velocity
profile is symmetrical again. If no further disturbances occur, the original flow profile (laminar) is
ultimately reached again after approx. 7 - 8 m.

These processes must, of course, be taken into account when measuring velocity and volume flow in
the pipe or duct network.

Fig. 2-31 Velocity profiles measured before and after a 90° bend
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Velocity and pressure

The mean velocity determined from the velocity profiles multiplied by the cross-sectional area gives
the volume flow. If the volume flow is to be measured with a velocity sensor, then the associated
velocity profile must be determined.

Continuity equation

From the law of conservation of mass, the following applies to the flow of an incompressible liquid in
a pipe:

A1 · w1  = A2 · w2

A1,2   = Cross-sectional area [m2]
w1,2    = Velocity [m/s]

Fig. 2-32 a) Velocity increase due to cross-sectional constriction
b) Decrease in static pressure due to cross-sectional constriction
    (Source: Recknagel-Sprenger)

The energy theorem

Continuity equation:

The same mass flows through each cross-section of a pipe per time unit; for incompressible media,
the same volume.

If a fluid particle with volume V and mass m flows through a horizontal pipe that narrows and there’s
no altitude change, the velocity at the narrowest point increases from w1 to w2 and thus the dynamic
pressure also increases from pdyn1 to pdyn2 (Fig. 2-32 a). The static pressure also changes
accordingly, since the velocity varies in line with the new cross-section. (Fig. 2-32 b).

According to Bernoulli (Swiss mathematician and physicist, 1700-1782), the sum of static pressure
and dynamic pressure is constant at all points inside the pipe in the case of loss-free flow.

ptotal = pdynamic + pstatic = constant      (with loss-free flow)

pst = static pressure      (pressure on the surface) in Pa
pdyn = �U/2 · w2 = dynamic pressure (pressure from flow-velocity in Pa
ptotal  = pst + �U/2 · w2 = total pressure        (or overall pressure) in Pa

Velocity energy can therefore be converted into pressure energy and pressure energy into velocity
energy. In practice, however, these processes are associated with pressure losses due to friction.
These losses (�' pV) are the sum of the friction resistance R (R = pressure drop per meter of pipe)
multiplied by the pipe length in meters plus the individual resistances resulting from �] · pdyn. If a
medium with pressure losses (�' pV) flows through a horizontal pipe from point 1 to point 2, the total
pressure at point 2 is calculated as follows:

ptotal2 = ptotal1 - �' pV

The velocity and thus the amount flowing through can be determined from the pressure difference.

A2A1

W1 W2

Pstat1 Pstat2

w1
A1

v

v A2 W2

Fig. 37

a) b)
V

V
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Fig. 2-33 Pressure measurement with a Pitot tube

A velocity scale can be applied to the liquid-column pdyn

because pdyn  = �U/2 · w2  .

The velocity is therefore determined indirectly with the Pitot tube (Fig. 2-33).

In ventilation systems, with their obstacles, deflections, etc., friction causes pressure losses that the
fan has to overcome by increasing the static pressure.

Fig. 2-34 shows the typical pressure curve of such a system

(see also 6.4.5 Pressure curve in a ventilation system from the air intake to the room).

The air is sucked in at the facade at ambient pressure (+/- 0). The static and total pressure drop in
front of the fan due to the suction effect (-). After the fan, these reach their highest value (+). A
considerable pressure loss occurs in the components of the ventilation unit (HRU, air heater, cooler,
humidifier, etc.) and in the ventilation duct network to the room. In the room, the initial pressure (+/-
0) is reached again after blowing in.

Fig. 2-34 Pressure curve in a ventilation system

Ptot Pstat Pdyn

Fig. 38
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3 Heating plants
3.1. Simple heating plants
The demands of a user of a building for comfortable room temperatures also in cold weather are
ensured with heating plants. It can be roughly divided into the following sections:

�x Heat generation
�x Heat distribution
�x Heat consumption (emission to the room)

The heat plant also provides heat for domestic hot water as well as for the kitchen and bathroom.

Fig. 3-1 Simple heating plant

1 Air/water heat pump
2 Thermal solar plant
3 Storage tank
4 Underfloor heating (cooling)

3

4

2

1
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3.2. Dividing the heating systems
Heating systems can be subdivided according to various criteria:

�x System temperatures
�x Heat carrier
�x Heat generator
�x Heating surface
�x Pipe system
�x Distribution system

The following division demonstrates a possible compilation. The division itself differs from country to
country and is based on the respective norms and standards.

Fig. 3-2 Example of subdividing heating systems

3.3. Heat generation in water heaters
3.3.1. Oil and gas boilers
Overview

Boilers for oil and gas firing can be divided by different criteria, for example:

Boiler material:
Cast-iron boiler
Steel boiler
Hybrid boiler (combustion chamber made of cast iron, boiler body made out of steel)
Type:
Stand-alone boiler
Wall boiler
Operating principle:
Condensing boiler
Low-temperature boiler
Constant temperature boiler
Exhaust systems:
Three-pass principle
Two-pass principle

 Hot water heating
 �• 120°C

 High pressure steam
 �” 160°C

 Low pressure steam
 �” 110°C

 Thermo-oil heating plant
 �” 300°C

 High pressure steam
 �” 160°C

 Warm water heating
 �” 105°C

 Low pressure steam
 �” 110°C

Heating systems

Central heating District heating Generation plants

 Very low temperature
 heating �” 40°C

 Warm water heating
 �” 105°C

 Steam power
 Heat and electricity

 Thermal solar plants

Special systems

 Low tempeature heating
 �” 60°C

 Hot water heating
 �• 120°C

 Cogeneration
 Heat and electricity

 Heat pumps
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Boiler materials and types

Criterion Cast iron Steel

Performance grading Good performance grading
because of the design with its
links

Wide range of performance
grading within a product family

Weight Insignificantly heavier than steel Lighter than cast iron

Corrosion resistance More resistant to corrosion than
steel

Not resistant against corrosion

Assembling
(of large boilers)

Links can be brought separately
and then assembled

Assembly through welding on
site only

The area in condensing boilers, in which the water vapor content from the exhaust gas is
condensing, is mostly made out of corrosion-resistant, high-alloyed steel.

Boilers can be made for either standing or mounting on a wall.

Fig. 3-3 Stand-alone, cast-iron boiler (left) and wall steel boiler- (right) (Source: Viessmann)

Mode of operation for boilers

Condensing boilers

The condensing boiler is currently the most efficient type of boiler. The condensing boiler works with
system temperatures, which are adjusted according to outdoor conditions. Furthermore,
condensation is explicitly permitted by means of cooling the exhaust gases and thus systematically
using the condensation heat. By using the latter, the efficiency of the boiler can be increased
significantly. The rate of efficiency amounts to about 95% (related to the higher heating value).
Nowadays, in almost every country, condensing boilers must be installed in new buildings by law.

Comparison between higher heating value and lower heating value

At combustion, the oxygen from the combustion air reacts with the hydrogen from the fuel, whereby
the exhaust gas gets loaded with water vapor. If these exhaust gases, however, are merely
discharged, the latent heat of the water vapor in the exhaust gases is lost. The condensing boiler
technology utilizes the additional energy existing in the exhaust gas. The lower and higher heating
values indicate how much thermal energy the relevant fuel can release at combustion.

�x The lower heating value describes the thermal energy, which is released when the fuel is simply
burned and the water vapor in the exhaust fumes is not condensed and used. The lower heating
value is lower than the higher heating value.

�x The higher heating value describes the thermal energy, which can be supplied by burning the fuel
and the additional use of the heat gained from condensing the water vapor of the exhaust fumes.
The higher heating value is higher than the lower heating value because it includes the directly
usable thermal energy as well as the latent heat of the water vapor in the exhaust gases. With the
efficiency rate based on the lower heating value, this then leads to a rate of efficiency above
100 %, which is technically impossible, but sounds promising.
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Operating principle of condensing boiler

The condensing boiler (see Fig. 3 4) is most efficient when the heating system operates at low return
temperatures, because the water flowing back from the heating system first passes through a heat
exchanger in the exhaust gas area (1). This causes the water vapor contained in the exhaust gas to
condense (dew point for oil EL approx. 45 °C, dew point for natural gas approx. 55 °C) and the high
heat of vaporization contained in the water vapor is utilized. This preheats the return water, which
then enters the second heat exchanger in the actual combustion chamber (2) at a higher
temperature. Since the exhaust gas contains small amounts of acidic substances such as sulfur,
chlorine, etc., and these also end up in the condensate water through the condensation process, the
condensation area must be constructed from corrosion-resistant material. The acidic condensate
water is then neutralized using calcium and magnesium oxide granules and reacts to form salt and
water, which can be discharged into the sewage system.

Fig. 3-4 Operating principle of a condensing boiler (Source: Siemens)

1 Exhaust gas heat exchanger 2 Combustion chamber heat exchanger

1

2
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Constant temperature boiler

Constant temperature boilers are no longer commonly installed today. However, they are still
frequently found in existing systems. The distinctive feature of this design is that it operates at
constantly high system temperatures of 70 °C to 90 °C. The aim was to prevent condensation of
water vapor in the exhaust gases. Due to continuous heating, this boiler has a very high exhaust
gas temperature and significant heat losses. Since it keeps the water temperature constant, it cannot
adjust the system temperatures to the outside temperature conditions.
The heat losses for this boiler amount to around 20 %. The efficiency of such a boiler (based on the
“higher heating value”) is only 70 %.

Fig. 3-5 Operating principle of a Constant temperature boiler (Quelle: Siemens)

1   Combustion chamber heat exchanger 2   Exhaust gas heat exchanger

Low-temperature boiler

The low-temperature boiler is a further development of the constant-temperature boiler.
It has lower system temperatures and can adjust these variably. Its water temperatures range from
35 °C to 70 °C. With low-temperature boilers, exhaust gas condensation can occur depending on the
choice of system temperature. However, this is not explicitly sought – in contrast to condensing
boilers. It can control its water temperature smoothly according to the outside temperature. Its
efficiency is significantly higher than that of a constant temperature boiler, as there are much lower
losses. In many countries, the installation of these boilers is no longer common.

Nitrogen oxide production

Nitrogen oxides (NOx) are chemical compounds consisting of nitrogen and oxygen. When they react
with water vapor, nitric acid is formed. This acid is considered to be the cause of soil acidification and
the resulting consequences of hard water and forest dieback. Such nitrogen oxides are also
produced when oil or gas is burned. They are formed when exhaust gases are exposed to high
temperatures and remain in this temperature range for a long time. Measures to reduce them include
flame cooling and short residence times. Flame cooling is made possible by the “low NOx burner.”
With this type of burner, exhaust gas is fed back to the burner and mixed with the burner flame. This
lowers the flame temperature. The exhaust gas routing according to the three-pass principle ensures
that the exhaust gases are quickly removed from the combustion chamber, thus keeping the dwell
time short.

1

2
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 Exhaust system

Criterion Three-pass principle Two-pass principle

Flame temperature Low flame temperature
1,000°C to 1,200°C

High flame temperature
> 1,400°C

Retention time of
exhaust gases in
combustion zone

The exhaust gases are directly
discharged and thus have a
short retention time.

The exhaust gases are led back
and thus have a long retention time.

Nitric oxide (NOx)
production

The low flame temperature and
short retention time leads to a
smaller nitric oxide production.

The high flame temperature and
long retention time leads to a high
nitric oxide production.

Table 3-1 Exhaust system

Fig. 3-6 Exhaust system: three-pass principle (left) and two-pass principle (right)

Oil burner

Atomizing oil burner

The atomizing burner is the most used burner type. The heating oil is transported out of the oil tank
via oil pump. First, the heating oil filter ensures that no suspended solids are in the oil, which could
later clog the oil nozzle. Then, the heating oil is preheated to lower its viscosity and make it easier to
atomize the oil. After that, the oil goes on to the oil nozzle, where it is atomized as thoroughly as
possible, swirled and mixed with air. The air for the combustion is lead into the oil nuzzle via the
blower fan. Next, this mixture of oil and air is combusted.

Blue flame burner

The blue flame burner is an atomizing oil burner that produces less nitric oxide. Hot flame gases are
led back via the openings in the mixing tube of the blue flame burner. These flame gases ensure that
the oil almost completely evaporates. Thus, the oil is completely combusted. This reduces the soot
generation as well as the nitric oxide emission.

Fig. 3-7 Operating principle of a blue flame burner (left) and example of a blue flame burner (right) (Source: SBZ)

Combustion tubeCombustion air

Atomized
heating oil Return flow of

flame gases Recirculation of burnt-out flame
gases to lower NOx

Mixing tubeScreen

Slits
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Vaporizing oil burner

This burner type creates oil vapor by heating the incoming heating oil at the beginning via filament
wire. The blower fan supplies the air to the oil vapor and thus fuses it to a mixture of oil vapor and air.
This mixture then combusts atmospherically in the combustion chamber. Once the burner is ignited,
the heat radiation of the flame itself is sufficient to vaporize the rest of the oil.

Gas burners

Forced-air burner

The forced-air burner is almost identical to the vaporizing burner concerning function and structure.
Here, too, the gas is first mixed with the combustion air and subsequently combusted. The combusti-
ble gas flows via gas control pipe into the burner. This gas control pipe mostly has a shut-off valve
and gas filter. The forced-air burner also has a gas pressure controller, which balances the pressure
fluctuations in the gas grid. The most important element is the solenoid valve, which immediately
shuts off the gas flow and disconnects the burner from the remaining gas grid in case of malfunction
or full shutdown of the burner. Flame gases are also recycled in this type of burner. The former
makes sure that the flame temperature and production of nitric oxide are kept down. On the one
hand, the forced-air burner has a higher rate of efficiency compared to the atmospheric burner. On
the other hand, this type of burner is noisier and consumes more electrical energy for the blower fan.

Atmospheric burner

In the atmospheric burner, the combustion air flows through the thermal buoyancy of the exhaust
gases and the consequent negative pressure back into the mixing tube. The combustion air is mixed
with the gas in the mixing tube. The premixture makes sure that more oxygen is available than the
combustion itself actually requires. This leads to a lower flame temperature and nitric oxide
production. The mixture is combusted in the openings of the mixing tube.

Matrix radiant burner

The operating principle of the matrix radiant burner is essentially the same as the one of the
atmospheric burner. The gas-air-mixture is not burned in a tube, though, but at a hemispherical
stainless steel mesh and the combustion air is added via fan. Thereby, the mesh is heated up and
gives off heat almost exclusively in form of radiation. The flame temperature and the here to
connected nitric oxide production are therefore even lower.

Fig. 3-8 Forced air burner (right) (Source: Weishaupt) and matrix radiant burner (left) (Source: Viessmann)
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3.3.2. Wood boiler
Materials

Wood boilers are also made of either cast iron or steel. The components, which are exposed to high
temperatures, such as the combustion chamber, are made from ceramics, respectively fire clay
(grogg, chamotte), cast-iron or steel.

Storage and provision of fuels

Wood logs

Wood logs have to be dried before they can be burned. They should have only 15 – 20% residual
moisture, which is reached after 1 to 2 years of storing. The storage space for the wood logs should
have good ventilation, be protected from rain and be as sunny as possible so that the wood logs can
dry fast. They should also be chopped before storing to speed up the drying process.

Wood chippings

Wood chippings are added to the boiler via auger conveyor. The rotating spiral winding transports the
wood chippings mechanically into the boiler. The wood chipping storage should be located in
immediate proximity to the heating center, so that the auger conveyer is efficient.

Fig. 3-9 Wood chipping extraction from storage room via auger conveyer (Source: Löbbe)

Pellets

If the consumption is low, then pellets can be bought in bags and added manually to the boiler itself if
necessary. Otherwise, the pellets are normally delivered by tank truck and blown into the storage
room. The storage room can either be a separate room, a textile silo or an underground tank,
whereby the transportation of the pellets to the boiler happens automatically with either storage
system. The transportation can either be done via auger conveyer where the storage room has to be
located directly next to the heating center or via suction system. Here, the pellets can be transported
over distances of up to 25 m.

Fig. 3-10 Storage possibilities underground tank (left) and textile silo (right) (Source: Pelletheizung Infos)
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Fig. 3-11 Transportation of pellets in suction system (Source: Pelletsaustragung)

Combustion system

Fig. 3-12 Lower combustion system (left), upper combustion system (middle), burn-through (right)
P = primary air, S = secondary air, A = exhaust gas (Source: Solargrafik)

Boiler with lower combustion system and lower vent

Here only the bottom layer of the fuel burns. Thus, the boiler settings are constant and easier to
control. The rate of efficiency is significantly higher than the ones of boilers with an upper combustion
system. Due to the longer exhaust gas path, more heat can be transferred.
All wood boilers with various types of fuels are presently constructed with this system.

Boiler with upper combustion system and upper vent

All of the fuel burns during the combustion. The heat output fluctuates according to how much of the
fuel is left over. High outputs at short duration can be achieved. The performance is reduced after
refilling.

Boiler with upper combustion and lower vent

The combustion system is the same as with the upper combustion. Additional heat can be
transferred to the heating water because of the longer exhaust gas path.

Burn-through

The burn-through is similar to the principle of the upper combustion system. The only difference is
that the combustion air flows above a grate to get to the fuel and because of that, all of the fuel
burns. Fireplace stoves often use this principle.

Wood boiler

Wood boilers are manually filled with roughly cut wood pieces (logs). The wood pieces are layered
on top of each other on a slab made of fire clay. Wood boilers mostly work with a lower combustion
system. First, the wood pieces are dried repeatedly. After the pyrolysis of the wood and the precom-
bustion of the highly flammable components, the main combustion takes place. The output control of
the wood boiler is done via the supplied combustion air volume. The latter is employed by means of
the air valve, which is powered by an actuator. Modern boilers possess a step less, speed-controlled
blow fan. The combustion air supply is adjusted according to measured exhaust gas temperatures
and residual oxygen content (oxygen sensor) in the exhaust gas itself. Consequently, the pollutant
emissions are lowered, and the rate of efficiency is raised. The rate of efficiency lies at > 90%. The
complete combustion of an entire filling lasts 4 to 6 hours.
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Fig. 3-13 Wood boiler with lower combustion system (Source: Guntamatic)

1 Filling door with suction duct 2 Filling room with protective lining
3 Cast grate 4 Ash drawer
5 Primary and secondary air damper motor 6 Primary air
7 Secondary air 8 High-temperature combustion chamber
9 Cleaning lid 10 Tubular heat exchanger
11 Dust collecting zone 12 Cleaning tube (front)
13 speed-controlled blower 14 Oxygen sensor
15 Operating unit/controller 16 Cleaning lever

Pellets boiler

The pellets boiler often contains a separate, internal storage unit. This storage unit can either be
filled with pellets directly from a bag or via suction or auger conveyor system directly connected to an
external storage chamber. The pellets are transported out of the storage chamber into the combus-
tion chamber by means of a dosing screw. The ignition in the pellets boiler happens via hot-air
blower. The pellets then burn on the burner pot. The control of combustion air and fuel volume supply
acts as output control. The probe forwards the relevant data for low-emission combustion to the
exhaust pipe, which measures the temperature and the residual oxygen content (oxygen sensor) in
the exhaust gas.
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Fig. 3-14 Pellets boiler (Source: Wolf)

1 Storage unit 2 Suction turbine
3 Worm drive 4 Dosing screw
5 Exhaust gas measurement 6 Burner pot
7 Hot-air blower for ignition 8 Combustion air control flap
9 Heat exchanger

Wood chip boiler

In the storage room, the wood chips are first loosened and then transported to the boiler by means of
a screw conveyor system. The wood chips can be fed directly into the boiler or, depending on the
system, first fed into the pre-furnace. In systems with a pre-furnace, the fuel is gasified there before
combustion takes place in the boiler. The combustion process is similar to that of a pellet boiler. The
power regulation by controlling the combustion air and fuel supply is also identical.

Wood chip boilers are mainly used in large systems that supply several residential buildings or even
entire neighborhoods.

Fig. 3-15 Wood chip boiler, Wood chip production in the forest and storage tank
(Source: Energieverbund Eschenbach)
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3.3.3. Thermal solar plant

The sun constantly supplies a great amount of energy to the earth. This is mostly done by means of
thermal radiation. The sun annually supplies the earth with 5000 times the energy the human race
needs (heat, electric power, traffic). This chapter covers the active use of solar heat in radiators and
for the production of domestic hot water.

Global radiation and its composition

The rate of energy of solar radiation outside of earth’s atmosphere amounts to about 1350 W/m2.
This figure is also called “solar constant”. The solar radiation is minimized on its way through earth’s
atmosphere because of reflection and absorption and thus only a fraction reaches the earth’s
surface. This fraction is also called “global radiation” and amounts to about 1000 W/m2.

The global radiation in turn is made up of the following three parts:

Diffuse radiation:
Diffuse radiation is the part of radiation, which results from the reflection of sunlight off of dust
particles or gas molecules. The reflection causes the solar radiation to be diffused and it hits earth’s
surface undirected and with less intensity. Not every type of solar panel can absorb this diffused
radiation.
Direct solar radiation:
This part of radiation is the part of radiation, where the sunlight hits the earth on a clear day. The
radiation can thus be absorbed by every solar collector and turned into heat.
Reflected sunlight:
Reflected radiation is the part of radiation, which is first reflected by another object such as a house
and then hits the solar collectors undirectedly.

Fig. 3-16 Overview types of radiation

1 Diffuse radiation 3 Reflected sunlight
2 Direct solar radiation

Solar coverage rate

The solar radiation during winter is at the lowest, when the heat demand is at its highest. This fact is
a bad precondition to heat buildings exclusively with solar heat. Such monovalent operated plants
have already been built for research purposes but have shown a bad relationship of use and
expense. In our latitudes, the use of solar energy is therefore mostly used in combination with
another energy source (oil, gas, wood, electricity, etc.). In these types of plants, the solar energy
should only supply a part of the needed thermal energy. Thus, the solar plant has to be designed so
that the use/expense-ratio is worthwhile for investors. The amount of the annual thermal energy
demand covered by solar radiation is called solar coverage rate.
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A few characteristic values for the solar coverage rate depending on the use of solar energy:

Hot water production:
If the solar plant is solely used for hot water production, then the plant is sized so that the solar
coverage rate is at 100 % in summer. In winter, the room heating needs to be reheated either via
heat generator (e.g. boiler, heat pump) or electrically.
Hot water production and room heating:
A solar coverage rate of 40 % can be reached with currently typical constructions with regards to the
use of solar plants for room heating and hot water production. Higher results are possible, if the heat
loss of a building is reduced by means of better insulation or installation of a big – often
uneconomical – solar plant.
Open-air pools:
Open-air pools can be exclusively heated with solar heat, if the occasional usage restrictions are
taken into account, for example during longer periods of bad weather.

Fig. 3-17 Example-Diagram of solar coverage rate for domestic hot water generation (Source: Heizsparer)

Structure and operating principle of solar panels

The structure and operating principle are explained with help of flat plate collectors. The flat plate
collector is the most used collector type. The most important components of such collectors are:

Absorber:
The absorber should be able to absorb as much thermal radiation as possible and reflect only little,
so that the efficiency is as high as possible. Furthermore, it should provide for a good heat exchange
to the heat transfer fluid.
Glazing:
This cover should let through as much solar radiation as possible but should keep the reflection of
heat of absorbers and heat loss by means of convection law.
Housing:
The sheet metal housing should have a good insulation, so to keep heat losses as low as possible.

Solar coverage rate for domestic hot water
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Fig. 3-18 Important components of a solar panel (Source: RP-Energie-Lexikon)

The sun rays penetrate the glass cover and hit the black surface of the absorber, where the radiant
heat is absorbed as completely as possible. Then, this heat is delivered to the pipes attached to the
absorber, wherein the heat transfer fluid is circulating. The absorber surface is heated up to 100 °C.
The heat transfer fluid absorbs the heat and transports it via solar circuit to the heat exchanger.

Construction methods

The main types of solar collectors used today are flat plate collectors or tube collectors.

Flat plate collector with selectively coated absorber

This construction method minimizes the heat losses by means of insulation made of rigid foam
insulation or mineral wool. The absorber absorbs almost all the sun rays and thus has small radiation
losses. The pricing of such collectors is low, compared to others. In addition, on-roof or in-roof
mounting is possible. There is a risk of condensation forming on the glazing.

Fig. 3-19 Flat plate collector (Source: Solarwaterheater)

Vacuum flat plate collector

The heat conduction losses are very low thanks to the vacuum in the collector. It practically has no
convection losses. There are no dust deposits or corrosion in the collector because of the vacuum.
Furthermore, it is impossible for condensation to form. However, the expenses for this collector are
noticeably higher than those of the flat plate collector. Moreover, no air must enter; otherwise, a new
vacuum has to be created.

Vacuum tube collector:

Here, the absorber is built into a glass tube with a diameter of about 65 to 100 mm. There is a
vacuum in the tube on both sides of the absorber surface. The vacuum prevents convection in the
collector and thus the heat loss between absorber surface and glass is very low.

Solar radiation

Glazing

Absorber

Insulation

Pipes for the
transfer fluid
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A heat exchanger tube is installed on the absorber surface of every glass tube, in which the heat
transfer fluid circulates. The absorber subsequently transfers the heat via heat exchanger tube. This
construction method primarily stands out because of its very low heat losses and therefore its high
efficiency. The absorber can be rotated and consequently be adjusted towards the sun. The higher
efficiency means less space required at the same output compared with flat plate collectors. The
collector expenses, though, are very high.

Fig. 3-20 Vacuum tube collector (Source: Vacano)

Heat transfer fluid circuit

The heat transfer fluid circuit provides the heat transfer from collector to storage tank. Its basic
components are as follows:

Solar collectors
Closed piping system with fittings
Circulation pump
Safety unit
Control and monitor device
Heat exchanger

Fig. 3-21 Solar station with its components (Source: PAW GmbH)

Solar stations are often used. They already cover all the important components needed to operate
solar plants. Consequently, only the collectors as well as the heat exchangers need to be connected.

Thermic ball valve
Safety valve

Filling valve

Drain cock

Thermometer

Airstop

Flow meter

Solar pump

Pressure gauge

Connection for expansion
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It makes sense to equip the tank with two solar heat exchangers, primarily in larger plants with a
large storage tank and high collector temperatures or media temperatures. Thus, the cold water in
the lower part of the storage tank can be preheated, in case of little solar radiation and therefore low
temperature of the heat transfer fluid. If higher temperatures are available in the solar collectors, the
valve (6) is switched and the heat transfer fluid flows first through the upper heat exchanger and
heats the hot water up to the desired temperature. After that, the cooled heat transfer fluid flows
through the lower heat exchanger, to preheat the cold water.

Fig. 3-22 Solar plant with storage tank: 1 heat exchanger (left) and 2 heat exchangers (right)

1.1 Storage tank with 1 heat exchanger 1.2 Storage tank with 2 heat exchangers
2 Solar collector 3 Circulator pump
4 Temperature sensor 5 Controller
6 Switch valve

High media temperatures in the heat transfer fluid can be reached by means of the low-flow principle.
There is also a high-flow principle.

Low-flow:
With this principle, the flow speed is selected to be as slow as possible and usually executed with the
help of speed-controlled pumps. This means that the heat transfer fluid stays in the solar collector for
a longer period of time and thus is heated to higher temperatures.
High-flow:
In this principle, the flow speed in the pipes is set higher. Therefore, the heat transfer fluid in the
collectors flows at a higher speed and is thus heated to a lower temperature. A significantly greater
quantity is pumped through the circuit, though.

The storage tank

Hot water is mostly needed in the mornings and evenings. The greatest quantity of solar energy,
though, is available around noon or soon thereafter. In solar plants with heating support, the heating
energy during the transition periods is only needed in the afternoon, too. The storage tank makes
sure that the heat is stored in a case of surplus and discharged when the demand rises again.
Assume 50 to 100 l storage volume per m2 collector surface to act as a rough guide. For plants with
room heating and hot water, the upper limits apply. For pure warm-water plants, the lower limits
apply. In the case of a single-family house, consequently, hot water storage of about 350 to 500 l or a
combined heat and hot water storage of around 1,000 to 2,000 l is needed.
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Fig. 3-23 Solar storage tank with separate heat exchangers for solar energy (below) and for reheating (Source: TST)

Example of solar plants

Bivalent plant for room heating and hot water

In a bivalent plant, the solar circuit takes over the biggest part of the heat generation for hot water as
well as for room heating during the transition period in spring and autumn. In summer, the entirety of
the energy demand for hot water can be covered by the solar plant. The additional heat generator is
consequently only used in winter and thus is well utilized.

Fig. 3-24 Example of a bivalent solar plant with conventional heat generators and
distribution system for room heating and hot water

1 Combination storage tank 2 Solar collector
3 Circulation pump 4 Temperature sensor
5 Controller 6 Heat exchanger
7 Boiler (heat generator) 8 Heat consumer
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The conventional system (B) is complemented with a solar section (A). The generated solar heat in
the collector (2) is given off to the storage tank (1) via heat transfer fluid circuit. The boiler (7)
supplies additionally required heat in case of insufficient storage temperature. The heating water,
which is heated in the storage tank, circulates directly through the heating surface (8), and also
indirectly heats the domestic hot water in the heat exchanger (6).

Direct solar heater for industrial processes or hot water preheater in continuous flow process

In the case of constant heat consumption, the solar heat can be used directly. The solar heat
generated in the collector (2) is lead to the heat exchanger via heat transfer fluid circuit. The solar
heat is then transferred from the heat exchanger to the secondary heating network, where the return
flow is preheated. As soon as the temperature is sufficiently high, the now preheated return water
can be directly reused by means of the switch valve.

Fig. 3-25 Direct solar heater

1 Heat exchanger 2 Solar collector
3 Circulation pump 4 Temperature sensor
5 Controller

Larger plant for hot water preheating

This principle is often used in larger plants with high hot-water consumption (hotels, sports facilities,
etc.). This is why these types of plants often have two hot water storage tanks at their disposal. This
way, the solar heat collected in the solar collector (2) can be lead to the preheater (1.1) via the heat
transfer fluid circuit. In the preheater, the heat is transferred to the cold water via internal heat
exchanger and the cold water is preheated. If the collector surface is big enough, it is possible that
the entirety of the energy demand in summer for hot water generation can be met. In winter, when
solar radiation is low, the conventional heating plant can be used to reheat. If solar energy should not
be sufficient, then the temperature in the water heater (1.2) is too low. This means that it is
necessary to reheat with the heater. For this purpose, the possibly preheated water is lead through
the external heat exchanger (see chapter 0 Domestic hot water storage tank for functions) and
reheated there, so that it can be used again afterwards.

Constant heat

consumption
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Fig. 3-26 Plant with solar hot water preheating

1.1 Preheater 1.2 Water heater
2 Solar collectors 3 Circulation pump
4 Temperature sensor 5 Controller
A-A Circulation Reheating
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3.3.4. Heat pump (HP)
Function

The technical design of the heat pump corresponds to that of a compression refrigeration machine
(see section 4.4.5). The operating principle is also the same, with the difference that the condenser
side or warm side is used in the heat pump, and the evaporator side or cold side is used in the
refrigeration machine. The operating principle of compression, absorption, and adsorption
refrigeration machines is discussed in detail in Chapter 4, Refrigeration plants.

Why is it called a “heat pump”?

This compression refrigerant cycle (see Fig. 3-27) absorbs heat from the environment (5) at a low
temperature level. This takes place in the evaporator (1). The compressor (2) “pumps” this heat to a
higher temperature level that can be used for heating purposes. The heat is transferred to the
heating system (6) in the condenser (3). This “pumping” also increases the pressure in this
refrigerant circuit. This “pumping up” also increases the pressure in the refrigerant circuit. The
expansion valve (4) reduces the pressure (and temperature of the refrigerant) again, allowing the
process to start over at the evaporator.

Fig. 3-27 Refrigerant process cycle in a heat pump (Source: Siemens)
1   Evaporator 2   Compressor
3   Liquefier (Condenser) 4   Expansion valve
5   Ambient heat (low temperature) 6   Transfer to heating system (high temperature)

Heat sources

Air

The air temperature fluctuates greatly throughout the year. In the winter months, when heating
demand is at its highest, the outside air is at its coldest, which has a negative impact on efficiency.
Since air is available “everywhere,” it is the most commonly used heat source. Warm exhaust air
from machines could also be used as an energy source.

Soil

The soil has a fairly constant temperature of around 10 °C at a depth of 10 meters. The heat from the
soil is harnessed using geothermal probes, i.e., a brine circuit (water-glycol mixture) fed through
separate pipes. In summer, geothermal probes can also be used very effectively for passive cooling.

Water

Groundwater has the property of maintaining an almost constant temperature of 10 °C to 12 °C
throughout the year. This means that the temperature on the evaporator side remains high even in
the winter months, which in turn has a positive effect on efficiency. In addition to groundwater, lake
water, river water, or wastewater from processes or sewage treatment plants can also be used.
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Different designs

Air-to-water heat pumps

These draw evaporation heat from the air. Normally, outside air is used for this purpose. Exhaust air
can also be used, as its temperature is usually higher than that of outside air. Air-to-water heat
pumps are available in two designs: compact units and split units.

In compact units, the evaporator and condenser units are located in the same unit. This can be
installed either indoors or outdoors. In compact units installed indoors, the outside air is fed to the
heat pump through an air duct or air pipe.

The split unit consists of two separate components. The fan and the evaporator form one unit. This
unit is normally installed outside and is connected via the refrigerant line to the second part, which
contains the compressor, the condenser, and the expansion valve. This is usually located in the
heating plant. At evaporation temperatures below 0 °C (i.e., at outside air temperatures of approx.
5 to 7 °C), frost or ice forms on the evaporator, which must be defrosted occasionally. At low outside
temperatures, the efficiency and coefficient of performance decrease significantly due to increased
defrosting cycles. This heat pump is therefore only suitable for monovalent operation to a limited
extent. It would be better to use the air-to-water heat pump in a bivalent system, which switches to
additional heating when the outside temperature is low. However, this only makes sense for larger
systems.

Fig. 3-28 Air/water heat pump, compact unit indoor set-up (Sources: MHK, Hoval)

Brine-to-water heat pumps (ground-to-water heat pumps)

In geothermal water heat pumps, an antifreeze agent (glycol) must be added to the circuit on the
evaporator side to prevent the heat transfer fluid from freezing. This water-glycol mixture is also
called “brine.

The following two geothermal energy systems are frequently used: geothermal collectors and
geothermal probes. With geothermal collectors, heat is extracted via a horizontal pipe coil system,
which is laid approx. 20 cm below the frost line (e.g. at a depth of 2 m). However, geothermal
collectors require a large area. The collector area requires around twice the heated living area.

Fig. 3-29 Ground source heat pump with ground heat exchangers (left) and borehole heat exchangers (right)
(Source: MHK)
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With geothermal probes, heat is extracted vertically from the ground. The ground probes are usually
between 100 and 300 m long. The load on the probes should be less than 45 W/m. Due to the fairly
constant temperature in the ground probe circuit; this heat pump is also suitable for monovalent
operation. However, it should be noted that for large heat outputs or more than four geothermal
probes, a simulation calculation should be carried out to ensure that the ground does not cool down
too much. An alternative is to use this waste heat to “recharge” the ground in summer when the
building needs to be cooled.

Water-to-water heat pumps

Groundwater is extracted via a production well. The water is then fed through the evaporator and
returned via a return well. Due to the risk of contamination of the evaporator, an intermediate circuit
between the groundwater and the evaporator is often installed. Here, too, a constant and, above all,
high temperature is present on the source side. This heat pump is therefore suitable for both
monovalent and bivalent operation. Due to the often extensive legal water protection requirements
that must be met, such systems are usually only feasible for large-scale installations.

Fig. 3-30 Water source heat pump using Large lake water heat pump (Source: Siemens)
ground water (Source: MHK)

Operating modes of heat pumps

Monovalent operation

In monovalent operation, the heat pump is the only heat generation that covers the power demand.
This type of operation is especially useful when the temperature on the evaporation side is constant.
This particularly applies to brine/water and water/water heat pumps.  An air/water heat pump can
also be used monovalent in smaller plants with less heat output, whereby the efficiency rate is very
low and thus oftentimes needs an additional heater (electric).

Intermediate
heat exchanger
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Fig. 3-31 Monovalent heat pump heating plant

1 Heat pump 2 Storage tank
3 Electrical heating unit

Bivalent-parallel operation

In the bivalent-parallel operation, the heat pump covers the heating requirements up to a certain
outdoor temperature. At lower temperatures, the additional heater is switched on and the two heat
generators work in parallel, and together, they cover the required heat output.

Fig. 3-32 Heating plant of a bivalent-parallel heat pump

1 Heat pump 2 Storage tank
3 Boiler



74

Bivalent-alternative operation

Here, too, the heat pump covers the heating demand up to a certain outside temperature. At lower
temperatures, an additional heat generator takes over and covers the heating requirements by itself.
Thus, in this operation it is switched between heat pump operation and additional heat generator.

Fig. 3-33 Heating plant of a bivalent-alternative heat pump

1 Heat pump 2 Storage tank
3 Boiler

Storage tanks

Compared to a boiler, the heat pump is a dynamic heat generator, and its heat output is dependent
on marginal conditions such as outside and system temperature. Thus, the transmitted heat from
heat pumps and the required heating output on the part of the building can vary. Furthermore, the
switching frequency of a heat pump should be as small as possible and thereby the operating time of
each circuit respectively long, because each activation constitutes a heavy burden on the
compressor. These are the two main reasons as to why a storage tank should be installed. Here,
there are two possible option of storing:

Technical storage tank

Reduction of the switching frequency and thus greater durability of the compressor
Hydronic decoupling between generator circuit and consumer circuit

Heat storage tank

Reduction of the switching frequency and thus greater durability of the compressor
Hydronic decoupling between generator circuit and consumer circuit
Bypass during longer off-time
Utilization of low-rate electricity
Bypass during supply gaps of heat source



75

3.3.5. Cogeneration or combined heat and power (CHP) plant

Cogeneration or combined heat and power (CHP) plant is a process in which heat and electricity is
generated simultaneously. The term dates back to a time when industries used steam engines to
generate power for the machines and then heated with the exhaust steam. You would have to call it
combined heat and power (CHP) plant today. The term “cogeneration” is still in use, though, and isn’t
exclusively used in building technology.

Cogeneration types of application

A short overview of the types of application:

Steam turbine + Generator:
First of all, the steam turbine and generator combination is used for the power generation in nuclear
power stations and conventional thermal power plants. The produced waste heat is used for the
improvement of the total utilization rate, if a district heating plant can be served.
Gas turbine + Generator:
The gas turbine and generator combination is also primarily used for power generation. It uses waste
heat, the same as with the steam turbine.
Cogeneration plant:
Here, the waste heat of a combustion engine is used. The engine powers a generator, which in turn
generates power. The sizing of the cogeneration plant is layed out according to the required heat
output.
The cogeneration plant is mainly used in building technology.

Cogeneration plant

Combined heat and power units are cogeneration plants for the use in commercial buildings,
hospitals, industrial companies or for local heating of housing estates. The combined heat and power
unit can be used in monovalent operation when operating smaller plants. Bivalent operation should
be pursued with larger plants, so that a boiler can be switched on at peak power demand. An
economic operation time as well as a reduction of switching frequency is strived for with heat storage
tanks. If only heat and no power is required, the excess thermal energy can be stored in the heat
storage tank. If, on the other hand, the demand for heat is greater than the simultaneous demand for
energy, then the rest of the electrical power could be forwarded to the public electricity network.

Fig. 3-34 Schematic diagram of a plant with cogeneration (Source: EnergieAgentur)
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A cogeneration plant entails:

a combustion engine (gas or diesel engine)
a heat recovery component for the use of the engine waste heat (cooling water, exhaust gas and
maybe lubricating oil) on different temperature levels
a generator for power generation

The combustion engine could use natural gas, heating oil, sewage gas, bio gas, landfill gas or
pyrolysis gas as engine power.

Advantages of a cogeneration plant

If heating oil or gas is burned to create power in a great thermal power station, the efficiency rate of
the power generation is only about 40 %. The rest would be lost to the environment in the form of
exhaust heat. The exhaust heat could be brought to consumers by means of district heating if these
consumers should be in close proximity to the power station. The latter are very rarely stationed so
close by potential consumers, though, so an expansion of a district heat supply system wouldn’t be
very profitable. This means that the exhaust heat is often still lost.

Cogeneration plants can be flexible and thus built in immediate proximity to the consumer. This
means that a cogeneration plant can either be used decentralized in the area of local heating for
multiple consumers or it can be fitted in a single building. In these kinds of cogeneration plants, about
30 to 35 % can be used as high-quality energy. About 50 to 55 % can be used as heating power for
radiators. This accumulates to an efficiency rate of 80 to 90 %. The fact that cogeneration generate
large amounts of noise emission due to the combustion engine needs to be taken into consideration.
Therefore, any local regulations need to be observed.

Application of a cogeneration plant

Cogeneration plants are either used to cover personal demand for heat and electricity or are applied
in local heating supply. It is important that both forms of energy are needed simultaneously and in
arising proportions. A cogeneration plant can also partially or fully replace a separate emergency
power supply.

Micro and mini combined heat and power units

A micro and mini combined heat and power (CHP) unit respectively is a cogeneration plant which is
used in smaller plants as for example in single-family houses or in multiple-dwelling units. It delivers
the required heat output and a part of the electrical power. Micro-CHP units provide electrical power
up to 15 kW, while mini-CHP units supply between 15 and 50 kW. Cogeneration plants provide
around double to 2.5 times of the electrical power as heat output.

Fig. 3-35 Micro-CHP – interior furnishing and gas engine with 270 cm3 displacement (Source: Ecopower)
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Modern mini-CHP units are equipped with speed-controlled engines and contain the necessary
power electronics to feed the generated power back into the grid at a constant frequency. Due to the
speed-control, additional installations to cover for peak loads are not needed anymore. These mini-
CHP units can also be run in monovalent operation, which respectively lowers capital costs.

Fig. 3-36 Operating principle and embedding of a micro-CHP unit

1 Engine 2 Generator
3 Stack 4 Exhaust gas heat exchanger
5 Heat exchanger heating network 6 Primary pump
7 Secondary pump 8 Water heater

Fuel cells

In 1839, the English physicist William Robert Grove discovered that electrical power can be won from
hydrogen with the help of fuel cells. He described this effect as electrolysis in reverse. His research
did not gain much attention, though, as people were more interested in further developing the steam
engine. People only started to concern themselves more intensely with fuel cells by the end of the
20th century and currently are trying to refine them.

Operating principles

Fuel cells directly transform the chemical form of the stored energy in the gaseous fuel into electrical
power and thermal energy. A fuel cell is essentially made of an anode and a cathode, which are
separated from each other by an electrolyte membrane. The resulting energy is used via the fuel
hydrogen H2, when hydrogen ions H+ combine with oxygen ions O2. As a result, hydrogen H2 is led
into the anode, where it breaks down into H+-ions and negative electrons. Then, the H+-ions are able
to flow directly through the membrane into the cathode. There, they combine with the ionized oxygen
O2 to form water H2O. The electrons can’t go through the membrane, due to their negative charge.
That is why an excess of electrons builds up in the anode. If you then combine the anode with the
cathode, electrical energy flows. Energy isn’t the only thing that is produced in this process. During
the chemical reaction, thermal energy accumulates, as the process comes about in high
temperatures. This heat can thus be used for room heating.
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Fig. 3-37 Operating principle of a fuel cell (Source: Wikipedia)

Advantages

High electric efficiency:
The fuel cell can reach an efficiency rate between 53% and 60%, depending on the type.
Broad performance spectrum:
On the other hand, depending on its type, a fuel cell can produce electrical power from a few watts
up to multiple kilowatts.
Low pollutant emission:
Mostly steam is created when using hydrogen as fuel. Carbon dioxide (CO2) forms only when
carbonaceous fuels (CxHy) are used. The carbon footprint is significantly lower due to the higher
efficiency rate as the one from the classical heat engines.
Low operating costs:
Fewer plant parts means lower maintenance and operating costs.
Quiet:
Less mobile plant parts ensure a low noise emission.

Types of fuel cells

The various types of fuel cells are divided according to type of electrolyte membrane. It can either be
fluid or solid, which provides the characteristic feature for:

�x Demands for kind and purity of fuel and oxidizing agent
�x Operation temperature
�x Design

Anode

Waste heat utilization

Cathode

Electrolyte membrane

Direct current

 H2 Air

Water
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Essentially, seven types of fuel cells are in use today:

Description Electrolyte:

Alcaic-FC (AFC) Caustic potash

Polymer electrolyte membrane
FC (PEMFC)

Polymer membrane

Direct methanol FC (DMFC) Polymer membrane

Direct formic acid FC (DFAFC) Polymer-Membrane

Phosphoric acid FC (PAFC) Phosphoric acid

Molten carbonate FC (MCFC) Moten carbonate

Solid oxide FC (SOFC) Ceramic electrolyte

FC = fuel cell

The following to types are establishing themselves for the use in the area of residential houses:

Polymer electrolyte membrane fuel cell (PEMFC)
Solid oxide fuel cell (SOFC)

Structure

Compact units are primarily in use in residential houses. Normally, that entails a storage tank for
domestic hot water production as well as a buffer storage tank. The unit is not designed cover 100%
of the load, which is why an additional gas condensing boiler is installed to cover the peak load. The
inverter transforms the direct current into an alternating current and thus makes it serviceable for the
consumer. With the help of a catalyst, the reformer converts the natural gas into hydrogen (H2),
which later acts as fuel, and carbon dioxide (CO2).

Fig. 3-38 Structure of a fuel cell boiler (Source: Viessmann)

1 Gas condensing boiler for peak load 2 Heat exchanger
3 Hot water storage tank 4 Control device
5 Buffer storage tank 6 Heat collectors
7 Inverter 8 Fuel cell stack
9 Electric meter 10 Reformer



80

3.3.6. District heating

The thermal energy for district heating is generated in a centralized location or used as waste heat
and transported via piping networks to the various central consumers. Next to room heating, thermal
energy can also be used for hot water heating and industrial processes. Thus, whole neighborhoods
or city districts can be supplied with thermal energy.

District heat essentially entails the following four plant parts:

Heat source (heat plant, cogeneration plant or use of waste heat)
Distribution network through transport pipes and local networks
Transfer stations, where the heat is either directly or indirectly transferred to the consumer
Consumer (households or business entities)

Fig. 3-39 District heating system with the four heating plant parts (Source: Geothermie St. Gallen)

1 Heat source (cogeneration plant, geothermal CHP plant) 3 Transfer station
2 Distribution network 4 Consumer (household, industry

Heat generator or use of waste heat (heat source)

District heating plants

District heating plants exclusively produce thermal energy. This can be done by means of burning
fossil fuels, namely gas or oil. Nowadays, however, these kinds of district heating plants are more
commonly operated with the solid material of wood whereby wood chippings, pellets or other wood
by-products are used in particular. Moreover, large-scale heat pumps, which generate the necessary
thermal energy in district heating plants, are currently often in use (see Fig. 3-40).

Cogeneration plant (combined heat and power)

Cogeneration plants primarily generate electrical power, where the accumulated waste heat can be
used for heating purposes. The combined heat and power units, where the engine waste heat is
used, can act as a thermal energy supply. Waste-to-energy (WTE) plants, which mainly produce
steam so to power the turbines, also accumulate waste heat, which can subsequently be reused as
district heat.

Industrial waste heat

Here, the thermal energy is won from the waste heat produced by industrial processes. These
processes represent the melting of metals in furnaces.

1
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4

Cogeneration plant

Geothermal
CHP plant
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Fig. 3-40 Large-scale ammonia (NH3) heat pumps provide heat in a district heating plant (Source: EWZ)

Heating media

Suitable heating media are warm water, hot water or steam. District heating plants which use steam
are not commonly used anymore, as the condensate recirculation is very arduous and temperature
control depending on outdoor temperature is impossible. Nowadays, most of the district heating
networks are operated with warm water networks because the demand for hot water is not in great
demand anymore. Furthermore, the losses in warm water networks are much lower and the safety-
related requirements are fewer. Moreover, the system temperature of warm water is just easier to
control. This is often done subject to the outdoor temperature, whereby there is a minimum
temperature. The operator usually requires a maximum return flow temperature, so that the delivered
heat is used as efficiently as possible.

Heat transport and distribution (distribution network)

The heat transport between heat production and the consumers is organized via district heating
distribution network. This is usually a closed circulation system. The distribution network can also be
extended to a 2-wire or 3-wire connection. The distribution network in the 2-wire connection entails a
supply line and a return line. The 3-wire connection possesses two supply lines; both of them have
different system temperatures. This means that consumers, which require a consistently high system
temperature, as well as consumers, which require a variable temperature, can both be supplied in
parallel.

The following network structures exist as district heating distribution systems:

Radial network
Ring network
Meshed network

Radial network

The radial network is a simple distribution system. The individual consumers are supplied by the
central heat source via radial distribution lines. Due to the direct development, the construction costs
are relatively low. The security of supply, however, is also low, because in case of an outage of the
heat source the heat supply would be disrupted. Also, during reparations of one network, all the
consumers, which are dependent on one branch, can’t be serviced anymore. Radial networks are
often used for smaller supply areas.
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Fig. 3-41 Radial network

Ring network

The great advantage of a ring network compared to a radial network is that a consumer is serviced
from two directions in the ring network if two heat sources are available. Thus, the security of supply
is greater. The distribution network is often used in larger supply areas.

Fig. 3-42 Ring network

Meshed network

This network provides the greatest security of supply. However, this distribution network also has the
highest construction costs. It is mostly used in small areas, where the heat demand is great. This is
often the case in city centers.

Fig. 3-43 Meshed network

The network is laid out depending on topography, local circumstances and soil conditions. The
complete distribution network is isolated so to keep the distribution losses at a minimum. The flow
temperature is operated variable in function of the outdoor temperature. Optimal flow speed and a
great temperature spread between flow and return flow aim at minimal total costs of the distribution
network.

Heating
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Heating
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Transfer station

The transfer station is the link between the consumer plant of the individual consumers and the
distribution network. Due to the kind of connection, there are two different supply lines; an indirect
and a direct supply line. Compact units are especially suitable for consumers with low load values.

Indirect power transfer

In the indirect power transfer, the costumer plant and distribution network are hydronically completely
separated by means of a heat exchangers. Thus, distribution network and costumer plant are
independent from each other concerning pressure and temperature, which can have advantageous
effects on layout and operation of the networks. Both parties (suppliers and recipient) can operate
their plants according to their needs. This version is a bit more expensive and requires more space.

Fig. 3-44 Principle of an indirect power transfer

A Distribution network 1 Heat meter
B Transfer station 2 Pressure control
C Consumer plant 3 Temperature control (incl. limiting sensors)

4 Heat exchanger

Direct power transfer

In the direct power transfer, the heat transfer medium circulating in the distribution network flows
through the transfer station directly into the heating circuit of the consumer plant. This is a relatively
cost-effective and space-saving type of connection. It is aspired to, when a hydronic disconnection
between primary and secondary cycle on the basis of pressure or temperature demands is not
needed.

Fig. 3-45 Principle of a direct power transfer

A Distribution network 1 Heat meter
B Transfer station 2 Pressure control
C Consumer plant 3 Temperature control

A B C

M1

2
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Compact unit

Compact units for consumers with low connected loads such as single-family houses or multi-
dwelling units are transfer stations, which are prefabricated in the factory. They are completely wired
and piped. This means that they possess a pressure control, a control valve and a heat meter
depending on the design. On the secondary side, they also possess a heat exchanger and a
circulation pump. They are easy to mount and don’t take up a lot of space.

Fig. 3-46 Compact unit (Source: BMS-Tech)
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3.4. Important components
3.4.1. Pumps

Pumps are responsible for the transport of the essential water volume from heat generator to heat
consumer i.e. for the heat output in a heating plant. This has to take place with as small a heat and
energy loss as possible. The pressure losses created by pipelines, construction parts as well as
fittings have to be bridged. Generally, centrifugal pumps are used. Due to the impeller blades
rotating, the water is put into rotary motion, as well. The resulting centrifugal force pushes the water
outward. Negative pressure arises in the center, which ensures water to constantly flow. The water
directed outward is rerouted in the enclosure and thus the motion energy is transformed into
pressure energy.

Designs

Two different designs of centrifugal pumps are used in heating technology:

Glandless circulator pump
Glanded circulator pump

Glandless circulator pump

The design and engine housing distinguishes glandless circulator pumps. All mobile components are
simultaneously cooled and lubricated by the heating water. Theses pump designs are maintenance-
free and silent

Glanded circulator pump

Glanded circulator pumps are made as inline or base plate pumps. The engine as well as the water-
bearing part is separated in this design. The impeller is connected with the engine via shaft. Here, a
mechanical seal makes sure that the engine unit does not come in contact with water. This type of
pump is not maintenance-free. The operating noise is higher than with the glandless circulator pump.

Fig. 3-47 Glandless circulator pump (left), inline pump (middle), base plate pump (right) (Source: Grundfos)

Pump and plant characteristic curves

Each pump has its own characterization, i.e., its own certain connection between volume flow and
discharge head (also referred to as feed pressure). This is depicted with the help of the pump
characteristic curve. The latter is determined by the manufacturer. Every plant also possesses its
own plant characteristic curve (also referred to as piping characteristic curve). Here, the piping
network resistance and the plant parts (pressure loss) depending on the output volume flow are
illustrated.
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Pump characteristic curve

As mentioned before, the pump characteristic curve shows the interaction between output volume
flow and discharge head at a defined pump rotation speed (rpm) n. Thus, it indicates what kind of
pressure flow can be bridged at a certain column flow or vice versa. A change of volume flow always
means a change in pump pressure and vice versa. Thus, the available pump pressure decreases if
the volume flow increases. If the resistance, which needs to be overcome, and thus the pump
pressure rises, then the volume flow decreases.

Plant characteristic curve

The plant characteristic curve displays the connection between the volume flow and the resistance
(pressure loss) either in a plant or in a piping network (which is why it is often called the piping
network characteristic curve). An operating point can be identified with a certain pressure loss in a
certain volume flow, e.g. at the design condition of a plant. Furthermore, the pressure losses of
different volume flows can be calculated (quadratic dependence, see law of proportionality). With
this, the characteristic curve can be charted. Piping networks with relatively wide pipings compared
to the corresponding volume flow have a flatter characteristic curve. Pipings with smaller diameters
compared to the corresponding volume flow have a steeper characteristic curve.

Fig. 3-48 Pump characteristic curve with nominal flow V�FP Fig. 3-49 Plant characteristic curve
and discharge head �¨pP at a rotational speed n (often referred to as piping network

characteristic curve)

Operating point

Combine these two characteristic curves into one graph and it creates an interception point between
two characteristic curves. This intercept is referred to as the operating point. The pump forwards the
corresponding volume flow with the related discharge head at a constant rotation speed n according
to the conditions of the operation point.

Fig. 3-50 Pump and plant characteristic curve with operating point (OP)

OP
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3.4.2. Actuating device (controlling element and actuator)

The actuating device is made up of the two components controlling element and actuator. The
actuating device makes sure that the supply of thermal energy at part load for consumers is kept as
low as needed – as per the standards and regulations. Different hydronic circuits are used for this
purpose (see chapter 5.4). The so-called controlled ports located in the controlling element see to the
required changes in volume flow.

Controlling element

You can distinguish between the following types of controlling elements:

�x Two-port or three-port valve
�x 2-port and 3-port ball valve

Fig. 3-51 Controlling element: two-port and three-port valve, 2-port and 3-port ball valve (left to right) (Source: Siemens)

Two-port valve

The flow area in the two-port valve is reduced or increased via change of stroke. While doing so, the
water volume – and thus the heat quantity – changes, which passes the controlling element.

Three-port valve

The three-port valve has three controlled ports, whereby one controlled port features a constant (AB)
and two controlled ports (A, B) feature a variable flow rate. Thus, a change in the mixing ratio of
various volume flows can reach the heat quantity. This happens in the three-port valve by mixing in
colder water.

2-port ball valve

The flow area in the 2-port ball valve is changed via rotation of the ball. The water quantity – and thus
the heat quantity – changes via controlled ball valve.

3-port ball valve

A mixing ratio between two feeds is created according to the position of the ball in the 3-port ball
valve. The relevant mixing ratio forms depending on the free flow area, which the respective feed
has.

Fig. 3-52 Cross-section: Two-port valve, three-port valve, 2-port ball valve, 3-port ball valve (left to right) (Source: Siemens)
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PICV (pressure independent control valve)

In hydronic circuits with a two-port valve, today PICVs (pressure independent control valves) are
often utilized. The PICV combines a control valve with a differential pressure controller which
provides for stable conditions across the control valve even when there are pressure variations in the
piping network. By that, a hydronic cross-influence of consumers is eliminated. In addition, the
nominal flow can be set at the PICV, thus eliminating the need for a separate balancing valve – and
the hydronic balancing is already done. For the differential pressure controller of the PICV to work
properly, a minimal pressure (�' pmin) must be provided by the pump.

Fig. 3-53 Flanged or threaded PICV (pressure independent control valve) and cross-section

Actuator

The following can be used as actuators:

�x Motorized drive
�x Electrothermal drive
�x Electrohydronic drive
�x Magnetic drive
�x Pneumatic drive (compressed air)
�x Rotary drive

Fig. 3-54 Actuators: motorized (left), electrothermal (middle) und electrohydronic (right) (Source: Siemens)

Fig. 3-55 Actuators: magnetic (left), pneumatic (middle) (Source: Sauter), rotary drive (right)
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3.4.3. Fittings for hydronic balancing

Hydronic balance makes sure that the pressure ratio and volume flow in the heating plant are
synchronized in such a way that every consumer is supplied with heating water according to their
needs during the desired state. It also lays the foundation for a functional operation of the plant as
well as ensures a reduction of pump energy consumption and noise generation. A multitude of fittings
which vary in their function and corresponding use can be used for this purpose:

Balancing valves
Flow controllers
Differential pressure controllers
Differential pressure controllers with flow control
Pre-set radiator valves
Lockshield valves
Pressure-independent zone valves

Balancing valve

Balancing valves ensure mutual hydronic balance of groups or circuits. They are installed in
proportion to hydronic circuits. They serve to set the volume flow in the desired state. Depending on
the operation condition, the balancing valves reduce their force at part load and from then on act like
ordinary resistance. The necessary settings depending on volume flow and pressure losses are
provided by the manufacturers in the form of diagrams. Here, the adjustment needs to be performed
by hand wheel.

Fig. 3-56 Balancing valve (left) and flow controller (right) (Source: Oventrop)

Flow controller

Flow controllers regulate the volume flow in a circuit according to the defined and set value. This
takes place no matter what pressure ratio prevail in the plant. The desired volume flow is set
according to an index. Subsequently, a membrane keeps the differential pressure constant according
to a defined cross section by shifting the valve plug. This is why the volume flow does not exceed the
desired reference variable. Here, too, the adjustment is done by hand wheel.

Differential pressure controller

Differential pressure controllers ensure a constant differential pressure within a group or circuit in
every operation status. The differential pressure controller is normally installed in the return line. It is
connected with the supply line via impulse line so to measure pressure. Thus, the difference in
pressure between supply and return line is measured. The latter is then kept constant with help of a
valve plug. The valve plug depletes surplus differential pressure. Here, the setting happens via hand
wheel, too.
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Fig. 3-57 Differential pressure controller with impulse line (Source: Oventrop)

Differential pressure controller with flow control

This fitting is a combination between flow controller and differential pressure controller. It keeps the
differential pressure in the circuit constant and limits the flow to a set value. Thus, this fitting provides
a hydronic balance under all possible conditions.

Pre-set radiator valve

The individual radiators in heating plants with radiators need to be synchronized with each other. The
difference between this fitting and the other balancing fittings primarily is the fact that the pre-set
radiator valves create balance between multiple individual consumers while e.g. a balancing valve
balances a complete group or circuit. There, the balance takes place according to a setting value.
This setting depends on the desired volume flow as well as the necessary pressure loss by the
consumer. The desired setting value can be taken from manufacturer diagrams via the two
descriptions. This setting value can be set in the valve bonnet e.g. with a key.

Fig. 3-58 Radiator valve (Source: Siemens)

Lockshield valve

The hydronic balance in radiators can be carried out via lockshield valve instead of the radiator valve.
The safety cap needs to be removed first to set the lockshield valve. Then, you can also do the
setting via key.

Fig. 3-59 Lockshield valve (Source: Siemens)



91

Pressure independent zone valves

Pressure independent zone valves are a combination between flow controller and differential
pressure controller. They are applied at the level of heat output. Here, the differential pressure of the
corresponding consumer is held constant in spite of flow changes. Consequently, hydronic balance
prevails under any conditions and consumers are neither over- nor under-supplied.

Fig. 3-60 Pressure independent control valve PICV (left) and Mini combi valve (MCV) for radiators (Source: Siemens)

3.4.4. Safety-related equipment

Depending on the type of heating plant, different safety-related components need to be installed:

Safety valve
Safety temperature monitor
Safety temperature limiter
Expansion tank
Intermediate vessel
Low water safety
Thermal safety valve

These components should protect the plant from the following possible operating situation:

Overpressure
The fluid heat transfer-medium expands when heating. This expansion needs to be safeguarded by
measures in the plant. If the water could not expand, it would lead to an extreme increase in pressure
and plant parts would burst.
Over temperature
Various plant parts can be damaged by over temperature. When the temperature is too high in
underfloor heating systems (e.g. floor heating) even the building construction can be damaged.
Lack of water
Lack of water leads to the danger of generated heat not being led away, which would lead to
superheating in the generator. This is primarily important in central rooftop units.
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Fig. 3-61 Typical safety installation in a hot water heating with closed expansion vessel

1 Safety temperature monitor (STW)
2 Safety temperature limiter (STB)
3 Safety valve
4 Expansion tank

Which safety-related components have to be installed depends on the corresponding country and its
laws and regulations.

Safety valve

Every closed plant has to contain at least one safety valve. It protects the plant from overpressure. If
the pressure in the plant should become too great in spite of the expansion tank, then the safety
valve would take up its function as the last link of the safety chain. In case of emergency, the
automatic opening of the valve discharges the entire heat output of the heat generator in the form of
hot water or steam. The connection line should be constructed as short as possible and without
noteworthy resistance. The outlet should be located in an area where people cannot reside.

Fig. 3-62 Safety valve (Source: IMI Hydronic)

Safety temperature monitor and safety temperature limiter

The safety temperature monitor (STM) turns the plant off as soon as the water temperature rises
over a certain limit. If the temperature falls below this limit, the plant automatically turns on again.

The safety temperature limiter (STL) turns the plant off if the temperature is too high. This state is
also displayed (e.g. signal lamp, alarm signal…). Here, the limiter is locked in such a way that it can
only be unlocked manually. Thus, someone needs to examine the situation on-site.

1   2
3

4
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Fig. 3-63 Safety temperature limiter (STL) (Source: Siemens)

Expansion tank

The expansion tank balances temperature dependent volume changes. The smallest temperature
change would make heating water escape from the safety valve if it were not for the expansion tank.
Mainly pressure expansion tanks with a rubber membrane are used. The membrane separates the
water room from the gas room. The gas room is filled in the factory (e.g. inert gas) and is delivered
with pre-pressure. This pre-pressure, which is dependent on static height, is intended to prevent too
much water from getting into the tank the moment it is filled. If the temperature rises, the resulting
expansion volume penetrates the tank against the gas pressure. If the temperature falls, the gas
pressure on the membrane wall ensures that enough water flows into the plant. The pressure
expansion tanks are measured in such a way that it can at least hold the expansion volume as well
as the water reserve (hydronic seal). The size of the expansion tank is dependent on the following
points:

Water volume of the heating plant
Maximum operating temperature
Initial pressure
Relieving pressure in the safety valve

Fig. 3-64 Expansion tank with solid gas cushion (Source: IMI Hydronic)

Pressure maintenance system:

In plants with larger water content, expansion tanks with air compressors are used. The counter-
pressure in the gas cushion is controlled via compressor and solenoid valve. A solenoid valve
relieves air from the gas room if the water expansion is great. If the water contracts, the compressor
leads air back into the gas room and thus upholds the needed counter-pressure.

Therefore, the plant pressure will be inside the differential gap between maintaining via compressor
and opening the solenoid valve. Plants such as these are usually delivered ready for use.
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Fig. 3-65 Expansion tank with raised compressor for controlled counter-pressure (Source: IMI Hydronic)

Intermediate vessel

There is a rubber membrane located in the expansion tank, which needs to be protected from too hot
water to prevent accelerated ageing. This is why the expansion tanks (in addition to other criteria) are
installed in the return line or rather on the suction side of the pump. That is because in the return line,
the water temperature is lower than in the supply line. If even the maximum temperature of the return
line is higher than 50 °C, then an additional not isolated intermediate vessel needs to be installed in
front of the expansion tank. There, the water can cool down enough to not make the synthetic
membrane parts age prematurely. Another reason to install the expansion tank in the return line is
that the pump has a minimal inlet pressure to prevent cavitation in the circulation pump.

Low water safety

The low water safety is often used in heating plants wherein the center of the rooftop is located. It is
intended to keep the heat generator from overheating or even burning out due to insufficient amount
of water. The low water safety turns off the firing by means of a float, which is located in the water
level limiter. This takes place as soon as the float goes below a minimum water level. It then locks
itself against autonomous restarting.

Fig. 3-66 Low water safety (Source: IMI Hydronic)
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Thermal safety valve

The thermal safety valve is installed in the solid fuel heat generator (wood boiler) and protects from
over temperatures. In case of emergency, cold water will be led through a heat exchanger embedded
in a boiler by the thermal safety valve. An independent sensor in the boiler is connected to a
thermally controlled valve in the cold water line with the help of a capillary tube. If the temperature
transgresses the limit, the liquid in the capillary tube expands and ensures that the valve in the cold
water line opens and thus the boiler is cooled with water.

Fig. 3-67 Diagram thermal safety valve

1 Lock fitting 2 Swing check valve
3 Thermal safety valve (self-acting) 4 Safety heat exchangers

3.4.5. Distribution systems

The water heated by the heat generator needs to be led to the consumers. After the heat is
delivered, the cooled return water should flow back to the generator. This cycle is supported by the
distribution system. A distinction is made between:

Distribution of the supply water:
lower distribution, upper distribution, floor-wise distribution
Piping systems:
One-pipe system, Two-pipe system

Distribution of the supply water

Lower distribution

The supply distribution and the return manifold are lead underneath the consumer, e.g. on the cellar
ceiling or in floor shafts. Riser lines vertically lead out of these pipes and supply the individual
consumers on each floor. This distribution system requires little piping material than the upper
distribution and thus is less expensive. Moreover, there is less heat loss. This distribution system,
however, complicates the heat cost allocation as the respective riser lines are probably connected to
various types of consumers (e.g. different companies in one). This means that there is no possibility
to install a heat meter centrally, but there rather have to be calorimeters placed at each individual
consumer.

Fig. 3-68 Diagram: Lower distribution
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Upper distribution

Here, the riser line is placed directly above the highest floors of consumers. There, mostly in the attic,
the respective stack vents are serviced. The consumers draw the heat from the heat of the stack
vents. After the heat output, the return water is collected and lead back into the generator. This
principle is often found in older, existing plants. In the past, it was often used in systems with
gravitational heating. Nowadays, it is only seen in plants with central rooftop units. This system
requires more piping material and leads to higher heat losses. The heat cost allocation is almost as
complicated as it is in the lower distribution.

Fig. 3-69 Diagram: Upper distribution Upper distribution with central rooftop unit

Floor-wise distribution

In this distribution system, each floor or each apartment has its own supply distributor as well as
return manifold. These distributors and manifolds are often located in a distribution box built into a
wall or in the floor. The distribution inside a building often takes place in the attic or through recesses
in the concrete floor. The advantage of this distribution system is that one heat meter can be
assigned to one consumer. This simplifies the heat cost allocation. The pipe connection, however, is
twofold from the distribution box on to the consumers. This means that more piping material is
required and thus this distribution system is more expensive.

Fig. 3-70 Diagram: Floor-wise distribution

Piping systems

Two-pipe system

The two-pipe system is the heat distribution system that is used the most. Here, the water flows
through the supply line into the heat output system and then back into the generator via return line.
Each consumer therefore has almost the same supply temperature. Furthermore, radiators with the
same size and temperature difference between supply and return, for example deliver the same heat.
The consumers also influence each other a bit, as each is supplied separately. The two-pipe system
can be installed in combination with the upper, lower as well as the floor-wise distribution.
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Special type: Tichelmann system

Here, the sum of the piping lengths from the generator to the individual consumer is almost always
the same. This means that a radiator, for example with a shorter supply line has a longer return line.
Thus, all the consumers have about the same amount of heat losses, and the static hydronic balance
can be skipped. The plant is also more expensive due to the longer piping length.

Fig. 3-71 Diagram: Tichelmann system

One-pipe system

One-pipe systems were often used in the 1970s to the 1980s. Back then, the operating system
temperatures were much higher. The very low system temperatures of nowadays do not permit to
reasonably plan a one-pipe system. Here, only one piping leads to a radiator. Hence, the radiator
receives the supply water from this piping and then later leads it back into the same piping. This
means that the first radiator receives the warmest and the last radiator receives the coldest supply
water. This makes the planning very difficult and these low system temperatures lead to radiators
becoming much bigger in size to ensure heat output. The one advantage is that it only requires a
small amount of pipes.

Fig. 3-72 Principle of one-pipe system with multiple radiators

3.4.6. Heat output system
Radiator

There are different types of radiators which primarily differ in appearance and the kind of heat output.
This is why mostly surface radiators, sectional radiators or convectors are used nowadays.
Furthermore, there are special radiators such as towel radiators or design radiators.

Fig. 3-73 Surface radiator (left), sectional radiator (middle), convector (right) (Source: Zehnder)
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Heat transfer

Depending on the design and type of radiators, they give off heat differently. Thus, the heat of
surface radiators primarily transfers via radiation and a small fraction via convection. In sectional
radiators the heat is transferred more through convection and less through radiation. In convectors,
as the name already indicates, the heat is transferred almost exclusively via convection. The
respective fractions though are strongly influenced by the relevant radiator shape and are
predetermined by the supplier.

Demands towards radiator

The main task of a radiator is to establish a comfortable room temperature. There are other aspects,
however, which need to be observed in the planning phase:

No sharp edges to avoid risk of injury
Radiators should optically fit into the room
They should be easy to clean
As small as possible with the highest possible heat output
Should be inexpensive, lightweight and easy to mount
Heat output easy to control
Should be installed in areas with great temperature differences (e.g. beneath a window)

Influences on heat output of radiators

The heat output data of radiators is measured in the laboratory according to standard specifications.
Thus, the heat output is based on clearly defined basic conditions. Various influencing factors have
an effect on the actual performance of a radiator in the respective environmental context:

Temperatures
The heat output is always measured according to the following standard specifications: supply
temperature 75 °C, return temperature 65 °C and room temperature 20 °C. If any of these
temperatures differ, then the effective heat output of a radiator needs to be calculated.
Installation site
The measured values always relate to the ambient pressure at sea level which is 1013 mbar. The
heat output via convection, however, is dependent on air density. The air density, in turn, changes
according to air pressure. Thus, the higher the altitude the lower the heat output of a radiator
(convector).
Color and coating
The heat output of a radiator is measured with a normal coat of oil paint. The paint and coat have a
great influence on the radiant heat output, which is expressed by a radiation coefficient. If the radiator
has a different color or possibly a metal coating, the heat output needs to be calculated anew.
Casing
Radiator casings, covers, curtains or furniture reduce the air flow around the radiator, which leads to
a drop in convective performance. These casings also have an effect on the radiant heat output.
Type of connection
Depending on the type of connection, the radiator has a different flow. Different circulations can
result in “dead zones”, which have a negative effect on the heat output.

Floor heating

The heat in underfloor heating systems is almost exclusively transmitted via radiation. Therefore, the
heat in the room is distributed conveniently. The most frequently used underfloor heating is the floor
heating. The latter fulfills the need of humans for heat in the ground area. The goal here is an as
even a surface temperature as possible. Floor heating systems are typical for low-temperature
heating systems and hence can be operated very cost-effectively in combination with heat pumps or
condensing boilers as generators.

Systems

There are two different types of installation:

Wet installation
With a wet installation, the pipes are completely enclosed by the attic or cement coating respectively.
Here, the heat is directly transferred to the attic. The feature of this system is the high inertia.
Regarding the investment costs, the wet installation is less expensive than the dry installation.
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Fig. 3-74 Installed floor heating pipes, installed wet (left) and dry (right) (Source: hp praski)

Dry installation
Here, the pipes are installed in creases of the insulating layer beneath the attic. The pipes aren’t
enveloped by the attic, which is why additional heat conducting lamellae are laid down to distribute
heat more evenly. There is less inertia in this system. Due to the low installation height, this system is
often used for renovation. The dry installation is more expensive than the wet installation.

Fig. 3-75 Heat conducting lamella in dry installation (Source: Logafix)

Types of installation layouts for pipes

There are two types of installation layouts: the serpentine or rather meander-shaped layout and spiral
layout. The spiral layout, in particular, distributes heat very evenly as the supply line and return line
are located right next to each other and therefore create a constant mean temperature. In the
planning phase of an installation, you have to keep in mind that the limit for a maximal surface
temperature is not overstepped.

Fig. 3-76              Serpentine (meander-shaped) layout           Spiral layout (right)  (Source: ikz)
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Advantages and disadvantages of a floor heating system

Advantages:

Particularly suitable for heat pumps and condensing boilers as generators due to the low heating
water temperatures (max. 35 °C) and heat storage capacity
Less conduit slits and thus less structural extra work
Not visible in the room
No issues with placing of radiators
Disadvantages:

Greater inertia and therefore poor controllability
High costs in case of additional changes or repair work of the heating surfaces
Restrictions concerning interior design (e.g. carpets) and flexible room division

Overhead heating

In the overhead heating, the heat is almost exclusively given off via radiation. The rooms should be
over 3 m high, as heat radiation from above in low-ceiling rooms is often perceived as uncomfortable.
In the past, the overhead heating used to be divided into two different systems: ceiling heating and
radiant panel heating. In the ceiling heating, the heating pipes are set into the concrete ceiling. This
principle is better known as ‘TABS’. TABS, on the other hand, works with low system temperatures
(see 3.4.7 TABS – Thermo-active building systems). The principle of radiant panel heating, however,
has been developed further and can often be found in business establishments and industrial plants
as well as sports centers, warehouses and factories. The radiant panel heating can in turn be divided
into specific types:

Closed ceilings
Ceiling sail
Radiant ceiling panels
Most of these can also be used for cooling.

Closed ceilings

This type of overhead heating requires a suspended ceiling made of metal or gypsum. Here, the
respective ceiling is activated with the help of heating pipes on the topside. The architects create
very artistic metal plates or gypsum boards. They can either be smooth or perforated. The metal
ceiling can be installed in such a way as to make it accessible for service work, as the ceiling panels
can be opened whenever needed. The gypsum ceiling on the other hand stays closed and can’t be
reached without being damaged, but it can be installed seamlessly. This system is oftentimes simul-
taneously combined with acoustic measures or air diffusers. This type of construction can also be
used as a chilled ceiling to cool rooms.

Fig. 3-77 Closed metal ceiling for heating and cooling (Source: KST)
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Ceiling sail

This type of construction is similar to the closed ceiling. The topside is also activated with pipes.
Contrary to the closed ceiling, this construction doesn’t activate its whole surface but only individual
parts called “sails”. These sails can be installed either directly into the concrete ceiling or in
suspended form. The sails are also available in metal or gypsum. With the help of a suspended
ceiling grid, the sails can be embedded unnoticeably or rather integrated harmoniously into the
overall design.

Fig. 3-78 Ceiling sails with integrated lighting fixtures (Source: Barcol-Air)

Radiant ceiling panels

The radiant ceiling panels can also be used in spaces with high ceilings. Their efficacy lies at up to
50 W/m2. They are made of metal sheets with integrated pipes. Atop these metal panels are usually
fitted with insulation. The panel lines can be installed one individual element behind the other. They
are installed on the ceiling. If the radiant ceiling panels are installed in spaces with high ceilings, it
has to be noted, that the radiant ceiling panels are operated with a sufficiently high supply tempera-
ture. This means that a temperature difference for the radiation exchange needs to be in place.

Fig. 3-79 Radiant ceiling panels in ice hockey stadium   Installed wall heating at outer wall
(Source: Zehnder-Systems)    (Source: Wikipedia)

Wall heating

A wall heating (Fig. 3-79, right) with warm surface temperatures perfectly meets the requirements for
thermal comfort, as its radiation reaches a significantly larger surface of the human body compared
to floor heating or overhead heating. The heating pipes can either be embedded in concrete or
coated by mortar. Insulation of the same quality as in floor heating is required behind the wall
heating. This should especially be part of the outer walls, to prevent heat from escaping. The
placement of furniture needs to be done consciously so to ensure that enough of the wall is left
unobstructed. Wall heating is used rather rarely. It is however utilized in hotel spas and relaxation
pool areas.
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3.4.7. TABS – Thermo-active building systems

Thermo-active building systems (TABS) are large scale, component-integrated or fitted heat or
cooling output system. Systems such as these use the building mass, i.e. the floors and ceilings, for
thermal air conditioning. Thus, room heating and cooling is either solely provided with the help of
TABS or an additional system is used in combination with TABS. The thermally activated building
components are systematically integrated into the energy management to increase energy efficiency.
By activating great thermal masses, the heat and cooling output becomes inert. This has to be taken
into account in the control as well as planning of TABS. Adjustments are made dynamically by
means of the complete day and night cycle.

Thermo-active building systems

TABS mean prefabricated pipe arrangements which are installed into the ceilings and have either a
heating medium or coolant flowing through them. These pipe arrangements are made up of multi-
layer pipes. This makes it possible to use the corresponding thermal storage mass. Heat is led by the
water to the mass and then given off to the room while heating. Heat is taken from the room and lead
back into to the water via storage mass.

Fig. 3-80 Installed pipe arrangements in the ceiling (Source: Tabs)

Notes on installation

The individual pipe arrangements respectively entail a surface of about 15 m2 up to 25 m2. Theses
pipe arrangements are installed together with other elements such as upper and lower reinforcement,
electrical conduits, drain pipes and spacer blocks. This is why a good coordination between these
different technical trades is important. Furthermore, a preliminary acceptance needs to take place
before placing the concrete. Additionally, a pressure test of the arrangement has to be done. After
placing the concrete, the arrangements can be connected.

Fig. 3-81 Different TAB systems (Source: Bine Information Service, FIZ Karlsruhe)

Each layer, located between the arrangement and the room, contains a thermal resistance. This
means that plaster, insulation and intermediate ceilings are to be avoided if possible. The empty
concrete ceiling surface can provide for a resonating effect, which often leads to greater challenges
for noise insulation measures.
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System temperatures

Heating: The ceiling heating had to be operated with high system temperatures in the past because
of poorly insulated buildings. This then resulted in an uncomfortable temperature profile vertically
along the walls of the room. As the buildings are better insulated nowadays, it makes it possible for
the heating water temperature to lie between 24 °C and 28 °C. This leads to a comfortable radiation
in the perception of the room users. Output densities of 25 up to 30 W/m2 can be achieved in the
area with these temperatures.

Cooling: System temperatures while cooling lie around 19 °C and 21 °C. That is how uncomfortable
drafts can be avoided. The radiation of cold air is also comfortable and tolerable. The rather high
cooling water temperatures allow for alternative refrigeration such as free cooling, also for a longer
period during the year. Thus, the high energy consumption which refrigeration systems generate can
be reduced. Output densities of 25 up to 35 W/m2 can be reached. The possible cooling capacity in
the upward direction is restricted by the dew point of the interior air.

Heating and cooling energy generators

Heat pumps, for example, can efficiently be used for heating due to the supply temperature being
close to that of the room. Environmental forms of energy such as free cooling, recooling and ground-
water or lake water cooling are preferred in addition to cooling provided by a refrigeration plant.

Integral planning of overall system

TABS in a building ensure a high room comfort. This is only achievable when combining carefully
coordinated measures with the following basic elements:

Integral planning is of great importance and indispensable in regard to a solid energy efficiency of the
overall system
Very good protection against heat and sun
Sufficient thermal building storage capacity
Air-tight building envelope with basic ventilation and air renewal necessary for hygienic purposes
Heat recovery
Correct hydronic design of the piping system
Special TABS control strategy

Advantages

Heat transfer (heating) as well as heat absorption (cooling) is done via thermo active building
systems with their large transfer surface.
Low system temperature differentials (thanks to large transfer surface)
Efficient use of natural energy sources possible
Delayed heat transfer and heat absorption
Utilization of the night’s cool ambient air in summer
Operation of heat pumps in time periods with low electricity costs
Energy efficient heating water and cooling water production with self-controlling-effect of the room
temperature
Low installation and operating costs (similar to traditional systems)

Restrictions

Observe the additional thermal inertia
The additional thermal inertia needs to be observed in ceiling or floor constructions such as hollow
floors, suspended ceilings or isolating sound insulation.
No random requirements towards thermal comfort, meaning it needs to be tolerated that the room
temperature will fluctuate during the day, within certain bounds
Challenging integral planning
The estimation of the heat load is important while planning and it often is appropriate to do simulation
calculations.
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3.5. Hot water processing
3.5.1. Introduction

The hot water processing produces hot water. This hot water is used for showering, bathing and
washing. Due to the constantly growing comfort standards, the hot water processing is thus subject
to very high demands. Moreover, the water’s hygiene requirements have to be met at all times.
Essentially, the demand is that hot water is available in the right amount and at the right temperature
at all times. This hot water should be inexpensive, impeccably hygienic and not use too much energy
while processing.

3.5.2. Centralized and decentralized supply

The supply of the extraction point (consumer) is either centralized or decentralized.

Decentralized supply

Decentralized supply can either be done via individual or group supply.

Individual supply

Each extraction point has its own water heater in the individual supply system. Almost no hot water
pipes need to be installed with this system. The investment costs, though, are fairly high as there are
many extraction points which require many individual units. When heating water serves as energy
supply, then the piping needs to be laid towards the individual extraction point. The maintenance
costs are high because of the many individual units.

Fig. 3-82 Individual supply with fresh water station

1 Water heater (fresh water station) 2 Extraction point (consumer)
SL Heating water supply CW Cold water
RL Heating water return

Group supply

The term group supply describes when multiple extraction points within one zone are supplied by a
single water heater in a supply system. Zones can either be an apartment or an individual floor, for
example. The investment and maintenance costs for the water heater are lower. This system
requires more hot water pipes than the individual supply system. Here however, the hot water supply
network is clearly smaller concerning the primary energy supply with hot water.
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2 2
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Fig. 3-83 Group supply with fresh water station

1 Hot water heater (fresh water station) 2 Extraction point (consumer)
SL Heating water supply CW Cold water
RL Heating water return

Centralized supply

In centralized supply systems, all extraction points of a building are supplied by the same water
heater. As merely one water heater is requires, the acquisition and maintenance costs are
significantly lower compared to the decentralized supply. However, it needs a hot water distribution
network that supplies the extraction points with hot water. The hot water distribution network needs to
be insulated so to minimize the heat losses. It also requires a heat storage system  so that hot water
is available anytime at the extraction points.

Fig. 3-84 Centralized supply with storage tank

1 Storage tank 2 Extraction point (consumer)
WW Hot water CW Cold water
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3.5.3. Water heater

The hot water is heated either in a domestic hot water storage tank or a flow-through water heater.

Domestic hot water storage tank

The hot water is already heated in the domestic hot water storage tank before the extraction and then
stored. Domestic hot water storage tanks can cover large volume flows if needed. The complete
taken volume, though, is dependent on the storage volume. If the complete volume is taken in, then
hot water is only available again after a certain amount of time (heating time). The storage volume
can be layed out in such a way that it covers either the daily consumption of hot water or a certain
time span. In case the daily requirement is stored, the storage volume is often heated during the
night at a reduced heating mode. If the storage volume is layed out to a certain time span, then the
heat generator needs to be able to heat water at any given time. Storing the hot water creates heat
loss.
When storing the hot water, there is a danger of legionella bacteria building in the domestic hot water
storage tank. These bacteria multiply the fastest if the water temperature lies between 25 °C and
50 °C. They die if the temperature rises beyond 60 °C. That is why the domestic hot water storage
tank needs to ideally contain hot water at 60 °C at all times or that the entire storage volume is
heated to 60 °C periodically.
You differentiate the domestic hot water storage tank according to the placement of the heat
exchangers; the storage tank water heater with an internal heat exchanger or the hot water storage
tank with an external heat exchanger.

Storage tank water heater with internal heat exchanger

The storage tank water heater heats the hot water above integrated heating surfaces (heat
exchanger). The hot water is then stored in the storage water heater. The storage water heater with
an internal heat exchanger does not provide the entire volume as storage volume for hot water. The
heat exchanger is located in the lower part of the storage tank. The cold volume is situated beneath
the heating surfaces, and the mixing volume is inside the heat exchanger. Thus, solely the volume
above the heating grid serves as storage volume.

Hot water storage tank with external heat exchanger

The hot water in the hot water storage tank with an external heat exchanger is heated with an
external heat exchanger. It is then stored in the hot water storage tank. Contrary to the storage tank
water heater with an internal heat exchanger, the entire volume of the hot water storage tank can be
used as storage volume. This system needs more space, though, due to the external heat
exchanger. The acquisition costs are also higher, because of the external charging station.

Fig. 3-85 Storage tank water heater with internal heat exchanger (left) (Source: Viessmann),
Hot water storage tank with external heat exchanger (right) (Source: Ygnis)
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Flow-through water heater

The hot water is warmed directly during extraction in the flow-through water heater. The water is
heated while it flows through the water heater. The temperature of the hot water is dependent on the
volume flow and the heat output of the water heater. For example, if a lot of hot water is taken at
limited heat output, then the hot water temperature is lower. This means that the flow-through water
heater requires equivalently high heat outputs. As the hot water isn’t stored but warmed directly, the
danger of contamination by legionella bacteria’s is minimized. Additionally, there are no heat losses
on account of storing water. Circulation is not possible in the flow-through water heater. This is why,
depending on the piping length between the extraction point and the flow-through water heater, it can
take long for hot water to be available. The most used design of a flow-through water heater are the
instantaneous gas water heater or the fresh water station, which are either heated directly via heat
generator or indirectly via heat storage tank.

Instantaneous gas water heater

The water in the instantaneous gas water heater circulates through a heat exchanger and is heated
as a result. The required thermal energy is taken from the combustion of gas. An atmospheric burner
is frequently used for this (see chapter 0 Gas burners). The heat output is controlled by the amount
of gas. It needs to be observed that an instantaneous gas water heater requires an exhaust pipe.

Fig. 3-86 Instantaneous gas water heater (Source: Ecotemp)

Fresh water station, directly heated by heat generator

Fresh water stations essentially are heat exchangers. Here, the heat output is transferred from a
primary heating water cycle to a secondary hot water circuit. The volume flow of the ordinary heating
water matches with the current hot water usage for control.

Fig. 3-87 Diagram: fresh water station for group supply, supply directly from heat generator

1 Boiler 2 Extraction point (consumer)
3 Fresh water station
SL Heating water supply CW Cold water
RL Heating water return
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Here, the heating water is heated directly by the heat generator. The generator needs to be layed out
correspondingly large in size so that it can cover the simultaneously arising hot water consumption.

Fresh water station, indirectly heated by heat generator

The principle of water heating is the same here as with the fresh water station that is directly heated
by the generator. The difference lies in the primary thermal energy supply of the fresh water station.
Here, the heat storage tank supplies the fresh water station. The heat storage tank possesses its
own stored thermal energy, which can be used in case of great last-minute hot water consumption.
Therefore, the heat generator can be sized significantly smaller. It keeps the temperature in the heat
storage tank with a basic heat output.

Fig. 3-88 Diagram: fresh water station for group supply, supply indirectly by heat storage tank

1 Heat storage tank 2 Extraction point (consumer)
3 Fresh water station
SL Heating water supply CW Cold water
RL  Heating water return
A-A   Cycle heat generation

3.5.4. Compensation of heat losses in distribution

The heat losses of the distribution lines need to be compensated so that hot water is always
available at the extraction point. This compensation can be made either by heating cables or
circulation systems.

Heating cable

The heating cable is directly attached to the piping. The emitted heat output of the heating cable
respectively adjusts itself to the local conditions. The heating cable is also self-regulating. One
advantage is that the heating cables don’t take up a lot of space and the temperature stratification in
the storage tank doesn’t interrupt. A disadvantage is that it requires electrical energy.

Fig. 3-89 Heating cable attached to piping (Source: Ais)
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Circulation systems

The heat losses in the circulation systems are compensated by the water heater. The water heater
needs to be bigger in size for this purpose. In order to keep the heat losses minor, it is very important
to have an optimal insulation for the piping. The biggest issue in circulation systems is the circulation
lead-ins. If the circulation is lead back into the storage tank, there is a possibility that it will destroy
the stratification in the storage tank due to temperature fluctuations.

Conventional circulation

The circulation line is lead separately up to the relevant extraction point, where the circulation still
needs to be warranted.

Fig. 3-90 Principle of conventional circulation

1 Hot water storage tank 2 Extraction point (Consumer)
3 Circulation pump
WW Hot water CW Cold water

Pipe to pipe circulation

The circulation line is directly mounted to the hot water line and both lines are insulated together.

Pipe in pipe circulation

The circulation line is lead in the hot water line. The hot water line should accordingly be layed out
larger in size.

Fig. 3-91 Cross section: piping pipe to pipe insulation (left)   piping pipe in pipe circulation (right)
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4 Refrigeration plants
4.1. Introduction

Fig. 4-1 Chilled water refrigeration plant with oil-free Turbocor® compressors (Source: engie-refrigeration)

It is in the nature of things that human beings have been preoccupied with the subject of cooling
since prehistoric times, and we know of many different possibilities of cooling. Liquids (such as wine)
were cooled in clay jars wrapped with wet clothes or in canteens (heat extraction via evaporation of
water). The Romans for instance used ice to keep food cool and fresh. They brought ice blocks down
from the glaciers into cities and kept them in subterranean storage rooms that were insulated with
straw. In the 19th century, the commercial use of natural ice (e.g., from frozen lakes) started. In the
hot seasons, it was sold to wealthy customers by the ice man. Breweries too used ice for their
different cooling processes during production, storage and delivery of the beer.

The initial considerations on the subject of refrigeration technology date back to 1835, when Jacob
Perkins, an American inventor and mechanical engineer who moved to England in 1818, described a
closed-cycle cold steam engine using ethyl ether as the working medium in a British patent
specification (patent specification no. 6662 “Apparatus and means for producing ice, and in cooling
fluids,” granted and sealed August 14, 1835).

Fig. 4-2 Jacob Perkins and cold steam engine from the patent specification
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About 40 years later (1876), Carl von Linde, a German engineer and inventor, used ammonia as a
refrigerant for the first time in a cold steam engine with a piston compressor. This machine was
initially used mainly in breweries, as it allowed fermentation to take place at constant temperatures
without relying on natural ice. Carl von Linde is considered a pioneer of refrigeration and cryogenic
technology.

Fig. 4-3 Carl von Linde and his first chiller (Quelle: Linde Group)

The cooling device we are probably most familiar with is the refrigerator.

In 1913, one of the first electric refrigerators was developed by American engineer Fred W. Wolf Jr.
This refrigerator was called “DOMELRE” (an abbreviation of the English term “Domestic Electric
Refrigerator”) and went into production in Chicago in 1914. It was a very successful product for its
time. Similar products were then developed worldwide, and from 1933 onwards, the “Bosch”
company, among others, manufactured refrigerators for the German market.

Fig. 4-4 First refrigerator „DOMELRE“ Refrigerators in Germany ca. 1935
by Fred. W. Wolf Jr., 1914, Chicago (Source: Bosch)
(Source: Wikipedia )

Originally, the demand for refrigeration arose in the food supply sector, where it was used to cool
foods.

Later, demand grew significantly, and the sector was divided into:

•    Large-scale refrigeration (industrial refrigeration)

•    Small-scale refrigeration (commercial refrigeration)

•    Refrigerators and freezers (domestic refrigeration)

Today, many foods require refrigeration to stay fresh for a certain period of time, thus ensuring our
basic food supply. Without a multitude of refrigeration facilities, the way we rely on food supply every
day would be impossible.
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Air conditioning increasingly gained in importance. Thus, not only is heating energy required in
winter, but cooling energy is also required for cooling and dehumidification of the air during the
summer period. This ensures a comfortable room atmosphere and therefore an enhanced sense of
well-being in a closed room.

Cooling can either be done with the help of free cooling, surface water or technically produced cold
(cooling unit):

Cooling with free cooling

Free cooling describes the use of ambient air for cooling. Free cooling is used when the temperature
of ambient air is lower by a certain few degrees than the maximum room temperature. This is why it
can be used in buildings with high heat loads (e.g. data centers, shopping centers), particularly
during transition periods. If for example the room temperature in shopping centers is to be 26 °C,
then ambient air with a temperature of up to 20 °C can be used for free cooling. Depending on the
dimensioning, data centers can exclusively use free cooling for refrigeration.

Cooling with surface water

Surface water can, for example, mean ground water, river water or lake water. The temperature of
surface water lies between 8 °C and 18 °C and is available in sufficient quantities. In the field of air
conditioning, it is particularly used together with static cooling surfaces or thermo-activate building
systems (TABS). For this purpose, the surface water is collected and leads through a heat
exchanger. The latter transfers the cooling energy to a second circuit, which then leads to the
individual rooms where it supplies the cooling surfaces.

Technically produced cold with cooling unit

If, for example, no surface water is available or it is not allowed to be used, then the cold resp. chilled
water can also be produced technically by means of a cooling unit. This unit can also be used in case
the surface water’s temperature isn’t low enough. The cooling unit can be compared to the domestic
refrigerator.

4.2. Cooling with free cooling
In free cooling, an appropriate medium is lead through a heat exchanger (mostly dry cooler) in a
closed system. Fans blow cooler ambient air through this heat exchanger. The heat exchange takes
place in the process which cools down the medium in the circuit. This medium then flows back into
the room. There it releases the cold via heat exchanger (air cooler) before the warmer return flows
back. The medium is mainly a water/glycol mix, so that it does not freeze in low ambient
temperatures.

Fig. 4-5 Operating principle of refrigeration with free cooling

1 Return 2 Air cooler
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4.3. Cooling with surface water
As mentioned before, the temperature of surface water, depending on the type, lies between 8 °C
and 18 °C. These temperatures are often cold enough to cool a room or the air warmer than 20 °C.

Wet cooling of supply air

The surface water is collected, and the cold is transferred to the secondary medium via heat
exchanger (1). As a result, the warmer return water or the new fresh water is cooled. This cooler
water then evaporates in a chamber (2) of an air handling unit. The heat, which is required to
evaporate the water, is taken from the air. That is why the air cools down. The air is subsequently
released into the room via outlet.

Fig. 4-6 Operating principle of wet cooling of  supply air

1 Heat exchanger 2    Evaporative cooling unit (humidifier)

In short:

- Water evaporates
- Air cools down and absorbs humidity
- Evaporated water needs to be replaced with fresh water

Dry cooling of supply air

Surface water again is collected, and the cold is transferred to the secondary medium via heat
exchanger (1). The warmer return water is cooled down in the heat exchanger. The cooler supply
water then circulates through a heat exchanger (air cooling coil) in the air handling unit (2). There,
the air cools down afterwards. The air is released into the room via outlet.

Fig. 4-7 Operating principle of dry cooling of supply air

1 Heat exchanger 2 Air cooling coil

In short:

- Air cools
- The warmer water is lead back into the heat exchanger
- Closed system

2

M

1
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Static cooling via cooling surfaces

Surface water is again collected. The cold is transferred to the secondary medium via heat
exchanger (1). There, the warmer return water cools down. The colder supply water is then lead into
the room via cooling surfaces (2). The cold in the rooms is in turn transferred to the surroundings via
radiation and convection.

Fig. 4-8 Operating principle of refrigeration via cooling surfaces

1 Heat exchanger 2 Cooling ceiling in the room

In short:

- Water gives off cold to cooling ceilings
- Warmer water flows back to the heat exchanger
- Closed system

Advantages of cooling with surface water

- Simple plant design
- If available: energy source water available as needed and free of charge
- No additional energy required (except for pumps and control device)

Disadvantages of cooling with surface water

- Energy source water isn’t available everywhere
- Fluctuating water temperatures
- Extraction of surface water requires an official permit
- Depending on location; complex and expensive development
- It can only be used for limited cooling; it is not possible to achieve very low temperatures or even

freeze anything with water (< 0 °C)
-

If the surface water temperatures are insufficient, if no surface water is available, if surface water
cannot be used, or if collecting surface water is not recommended for economic and energy reasons,
then a chiller (cooling machine) is used. It is used to cool directly or to provide chilled water for
cooling purposes in building technology.
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4.4. Compression cooling machine (chiller)
4.4.1. Task of the cycle process demonstrated on the refrigerator

The task of the refrigerator is to keep its contents cooled to prolong the consumption period. Thus, it
is an area that needs to be cooled. That is the task of the cooling unit. A compression cooling unit is
used for the domestic refrigerator.

A refrigerant circulates through lines at a lower temperature and pressure in the area of the domestic
refrigerator which needs cooling. Due to the difference in temperature between refrigerant and the
stored food, a heat flux flows to the refrigerant which in turn evaporates due to this heat input. This
evaporation steam is sucked into the compressor, where it is compressed and thus has a higher
pressure as well as temperature. The refrigerant can now release the absorbed heat. It would
normally be released into the ambient air via heat exchanger. The refrigerant now has to be brought
back down to the cooler temperature and correspondingly lower pressure so to close the cycle. This
process happens via throttle device or expansion valve.

This ongoing process is based on various physical laws. This is the reason why the key connections
are mentioned again.

4.4.2. Physical principles

First principle

The first principle says that the sum of all energy in a closed system stays constant or even,
respectively. With respect to the cooling unit, this means that in the cycle of the cooling unit neither
produces thermal energy nor can thermal energy be destroyed. The only possibility is to transform
the different forms of energy.

Second principle

The second principle says that thermal energy without external influences can only be transferred
from a warmer object to a colder object. The opposite direction, that is to say the heat transfer from a
cold object to a warmer object, is only possible with the effort of external machines.

Changes in states of aggregation

Substances exist in the three states of aggregations solid, liquid and gaseous. The possible changes
in the states of aggregation and their descriptions are illustrated in the following diagram.

Fig. 4-9 Changes in states of aggregation and their description

The fact that energy is required to change a state of aggregation acts as a base for the cycle in
the cooling unit. During this process of the change of state, the temperature of the substance stays
constant. This characteristic is shown with water as an exemplary substance in the following
temperature-enthalpy diagram. The temperatures as well as the enthalpy values apply to 1 kg
at standard conditions (atmospheric air pressure = 1,013 mbar; refer to description under
 2.3.1 Aggregate states of water).
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Fig. 4-10 Changes in state of aggregation of water with the relating temperatures and enthalpy values at standard conditions

This temperature-enthalpy diagram shows that the most energy is required/released during
processes involving changes in the state of the aggregate. These enthalpy changes simultaneously
represent the storage of thermal energy. This physical law is utilized in refrigeration machines.

Boiling point or evaporation temperature

The boiling point or the evaporation temperature describes the temperature at which the relevant
substance evaporates, meaning the changing the state from liquid to gaseous. These temperatures
depend on the ambient pressure of the substance. In the example with water, the evaporation
temperature is 100 °C at an ambient pressure of (1,013 mbar). The following graph demonstrates,
with water as an example, how the evaporation temperature depends on the ambient pressure.

Fig. 4-11 Evaporation temperature in dependence to ambient pressure

The graph demonstrates that a high boiling temperature has high pressure and a low boiling
temperature low pressure. As mentioned above, the refrigerator takes advantage of the fact that
changing states of aggregation requires or releases a lot of energy, depending on the kind of
process. This energy is drawn from the cooling chamber in the example of the refrigerator. The
temperatures in the refrigerator lie at about + 5 °C. The previous diagram shows that the water would
require an atmospheric pressure of only 0.01 bar (ca. 1 bar beneath the atmospheric air pressure).
This negative pressure (vacuum) is very difficult to create and maintain  from a technical point of
view.

As a result, water is unsuitable as a heat transfer medium for the circuit in the refrigeration machine.

A medium is required that already evaporates at low temperatures.
Refrigerants have this particular feature.
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4.4.3. Refrigerant

Refrigerants describe the operating fluid circulating in the refrigeration unit. During the explanation of
the basics of the refrigeration process, only water was mentioned, and it truly possesses many of the
features that are required for a refrigerant. Water is inexpensive, plentiful, non-toxic and possesses a
great evaporation and liquefaction enthalpy

Water is not suitable as a refrigerant for the compression cooling unit, because the pressures and
temperatures at which changes in states of aggregation occur are inconvenient. In fact, the
refrigerants used in these processes are more volatile that water, i.e. substances that evaporate at
relatively low temperatures and technically well manageable pressures.

Requirements of refrigerants

Essentially, every substance could be used as a refrigerant, as long as it evaporates and liquefies at
technically achievable pressures and the required temperatures. A refrigerant should also have a
boiling point that is as low as possible and a small steam volume in atmospheric pressure. It is also
can’t attack the components and lubricants of the refrigeration unit. Additionally, it should be non-
toxic, non-flammable and non-explosive.

Types of refrigerants

Chlorofluorocarbons CFCs:

For decades, chlorofluorocarbons (CFCs) were used as a refrigerant. CFCs are harmful to the
environment, because they break down the ozone layer and enforce the greenhouse effect. This and
also because of their long retention time in the atmosphere is why they are so harmful. It also is the
reason why they were gradually banned and are now not available anymore since the 1990s. It was
replaced by hydro chlorofluorocarbons (HCFCs) and partly fluorinated hydrocarbons (HFCs)
refrigerants.

Hydro chlorofluorocarbons HCFCs:

HCFCs are hydro chlorofluorocarbons with a significantly shorter retention period. The potential for
breaking down the ozone layer lies only at a fraction of that of the CFCs. They are still harmful to the
climate and are meanwhile also forbidden little by little.
Thus, the new use of HCFCs is forbidden in the EU since 2010. From the year 2040 on, a worldwide
prohibition should be in place (Montreal Convention).

Partly fluorinated hydrocarbons HFCs:

The HFCs are chlorine-free. They don’t break down the ozone layer, but they do enforce the
greenhouse effect. The “F-Gas Regulation” continuously restricts their use and requires these
refrigerants to be replaced by natural and HFO refrigerants with low to no global warming potential
(GWP).

Often used refrigerants

These include the following refrigerants:

- R-134a
- R-152a
- R-32
- R-125
- R-23
- R-404A
- R-407C

As an alternative, substances that occur naturally and are therefore considered environmentally
neutral or that have a low global warming potential (GWP) are increasingly being used as
refrigerants. These include:

- R-717 (Ammonia NH3) (GWP 0)
- R-290 (Propane C3H8) (GWP 3)
- R-600a (Isobutan C4H10) (GWP 3)
- R-744 (Carbon dioxide CO2) (GWP 1; reference value for GWP)
- R-1234ze und R1234yf (HFO-refrigerants, GWP <1)

Choosing a refrigerant depends on the area of application of the cooling machine.
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4.4.4. Refrigeration cycle on the example of a refrigerator

In the functional diagram of the refrigeration cycle, you can see that a closed piping system
represents the refrigeration cycle itself. The refrigerant flows through the piping system. The
refrigerant takes over the heat transport for the refrigeration cycle.

Fig. 4-12 Refrigeration cycle of a domestic refrigerator (Sources: Siemens, Wikipedia)

A �:  B: Evaporation

A refrigerant possesses the characteristics to evaporate at a low temperature and at a certain
pressure. In the domestic refrigerator, where a temperature of about + 5 °C is strived for, the
refrigerant already evaporates at the aforementioned temperature. The evaporation changes in the
heat exchanger of the state of aggregation of liquid to gaseous. For these changes in state, energy is
required which the evaporation heat exchanger gets from the environment. In the example of the
domestic refrigeration, the environment is the actual cooling space itself. When the energy is
withdrawn from the cooling space, the latter or the therein stored goods respectively cools down.

B �:  C: Compression

The now gaseous refrigerant is then compressed via compressor. As a result, the pressure and
temperature of the refrigerant both increase. The temperature also increases because the engine
waste heat of the compressor is transferred onto the refrigerant. Thus, the thermal capacity of the
refrigerant increases further. The compression process requires energy.

C �:  D: Condensation

The refrigerant now circulates through a heat exchanger. The heat exchanger in the domestic
refrigerator is mostly located on the backside of the refrigerator in the form of a grid. The hot and
vaporous refrigerant thus cools down because of the cooler ambient air. Due to the cooling process,
the gaseous refrigerant condenses in the heat exchanger and becomes liquid again.

As a result, the complete energy of condensation as well as the energy of the engine waste heat is
released. After the condensation, the refrigerant still is at a high pressure.
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D �:  A: Expansion

In this process step, the existing high pressure is rapidly reduced in order to return to the initial
pressure. In the refrigerator, this pressure reduction is achieved by a significant reduction in the
cross-section of the refrigerant line (reduction to capillary tube). In larger systems, an “expansion
valve” is installed for this purpose. This pressure reduction requires energy, which is taken from the
refrigerant, which is still warm. As a result, the temperature of the refrigerant also drops back to its
original temperature.

4.4.5. Components in a cooling machine

A cooling machine essentially consists of four components:
Evaporator – Compressor – Condenser (Liquefier) - Expansion

Evaporator

The evaporator is in a heat exchanger. The refrigerant circulates through the heat exchanger. The
substance to be cooled is situated outside of the heat exchanger. Energy is extracted from the
environment via heat exchanger which makes the refrigerant evaporate. The evaporator isn’t directly
visible in the domestic refrigerant as the heat exchanger is situated in the wall of the domestic
refrigerator in the form of small pipes. In an industrial refrigeration cell, the evaporator is often found
together with a fan which makes the ambient air circulate in the heat exchanger. When water is
cooled, shell-and-tube or plate heat exchangers are used.

Fig. 4-13 Evaporator in refrigeration cell (Source: Frimondo) Tube bundle or Plate heat exchanger (Sources: Ciat, GEA)

Compressor

The compressor compresses the vaporous refrigerant. As a result, the temperature and pressure
increase. The compressor in the compression cooling unit is powered by an electric motor. There are
various compressors with different compression principles. For more information, see the chapter
“Refrigeration” in the basic principle brochure. A hermetic compressor is normally used in the
refrigerator. The motor and compressor are housed in a welded and tightly closed case and the
refrigerant flowing through also cools the motor. Piston compressors are also available in larger
designs for various types of refrigerants.

Fig. 4-14 Piston compressors
for a refrigerator for refrigerant CO2 Cross-section picture piston compressor
(Source: cubigel) (Source: GEA) (Source: Bitzer)
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Condenser (Liquefier)

The condenser also is a heat exchanger. The refrigerant circulates through the condenser and also
changes from a gaseous to a liquid state. The condensation heat is given off to an ambient medium.
It is the kitchen room air behind the refrigerator. A freestanding piping grid is located on the backside
of the refrigerator through which the refrigerant flows. The heated air then flows through an opening
in the kitchen paneling above the refrigerator into the room.
Recooling units which give off condensation heat to ambient air are often found in larger refrigeration
plants. These are then installed on the roof, for example.

Fig. 4-15 Condenser grid on a refrigerator Air re-cooler
(Source: Wikipedia) (Source: CIAT)

Expansion

After passing through the condenser, the refrigerant is liquid again, but it still has a higher pressure
and temperature than is required for re-evaporation. When the pressure is reduced again, part of the
refrigerant evaporates. The energy for this process is extracted from the refrigerant itself by lowering
the temperature of the refrigerant that is still in liquid form.

This pressure and temperature reduction is achieved with the aid of an expansion valve. This also
adjusts the circulating refrigerant quantity to the process requirements. These are either
mechanically operated, so-called thermal expansion valves, or electronically controlled expansion
valves, which operate very quickly and precisely. The faster the actuator(e.g., magnetic actuator) can
position the valve, the more precisely the expansion valve controls. This has a very positive effect on
the energy efficiency of the refrigeration process.

Fig. 4-16 Thermal  Expansion valve Electronically controlled Expansion valve  and valve drive
(Source: Danfoss)  (Source: Siemens, MVL 702, POL94M)
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4.4.6. The h, log p-diagram

The thermodynamic process in a cooling unit is very complex. They can only be calculated with
considerable effort. The h, log p-diagram (or log p, h-diagram) serves as a tool for simplification.

In chapter 2.3.1 the different changes of state of aggregation are illustrated in a temperature-enthalpy
diagram. In refrigeration technology, a pressure-enthalpy diagram is preferred over a temperature-
enthalpy diagram. These kinds of specific diagrams are available for every refrigerant used in
practice, where the pressure is shown with a logarithmic scale.

Such specific h, log p-diagrams are available for every refrigerant used in practice.

These two gentlemen, along with others, were instrumental in the development of the
h, log p-diagram.

Source: Carrier Source: TU Dresden

Dr. Willis Haviland Carrier (1876-1950)
was a US-American Engineer and Inventor.
He was the first to use a refrigeration
machine in combination with a ventilation
system and is therefore considered the
“father” of air conditioning.

Prof. Richard Mollier was a German Engineer
(1863-1935, including TU Dresden).
He, together with Dr. Carrier and others,
played a key role in the development of
the h, log p-diagram.

Fig. 4-17 h, log p-diagram of R-600a (Isobutan) with evaporation heat �' h (Source: DTU, Denmark)

The enthalpy h (thermal capacity) is illustrated with a linear scale on the horizontal (ordinate). She
represents how much heat in kJ per mass is contained in kg in a substance depending on the state.
Significant in the process is the respective change in enthalpy or difference in enthalpy. The vertical
line illustrates the lines with the same enthalpy (so-called “Isenthalpes).

The pressure p in bar is plotted on the vertical axis (abscissa). To make this diagram useful, the
pressure is shown on a logarithmic scale (�Ö log p). The horizontal lines are lines of equal pressure
(so-called “Isobars”).

The area �' h between the two boundary curves represents the heat of evaporation r in kJ per mass in
kg at constant pressure. The heat of evaporation r decreases with increasing pressure.

�' h = Evaporation heat r
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To the left of the boundary curve (saturation line), the refrigerant is in a liquid state, and to the right of
the boundary curve (saturation line), it is in a gaseous state. Within the two boundary curves, the
refrigerant is in the wet vapor region, which means that part of it is already in a vapor state and part
of it is still in a liquid state.

The lines that run horizontally within the two boundary curves and slope down to the right after the
second boundary curve indicate the same temperature, depending on the refrigerant. If the
temperature lines (known as “Isotherms”) in the wet vapor region run parallel to the pressure lines
(“Isobars”), then the temperature lines are only indicated at the boundary curves with a small angle or
short line.

4.4.7. The cycle process of the refrigerator in the h, log p-diagram

The cycle process of the refrigerator is simplified in the h, log p diagram. The temperatures,
pressures, and enthalpies can be determined from the diagram for each state.

Fig. 4-18 Example cycle process of a refrigerator in a h, log p-diagram for refrigerant R600a (Source: DTU, Denmark)

A �:  B: Evaporation

The refrigerant evaporates at - 2 °C and a pressure of approx. 1.5 bar (isobaric). This allows heat
for evaporation to flow from the 5 °C cold cooling room to the refrigerant. This increases its enthalpy
from 285 kJ/kg to 553 kJ/kg.
To ensure that only refrigerant gas is fed to the compressor (known as “suction gas”), the saturated
vapor is then heated further at constant pressure (known as “superheating”).
This causes its temperature to rise to 7 °C, for example, and its enthalpy to 564 kJ/kg.

B �:  C: Compression

The refrigerant is compressed by the compressor. Most of the engine heat is transferred to the
refrigerant process. The temperature in the refrigerant rises to around 50 °C (known as “hot gas”)
as a result of compression, and the pressure increases to 5.2 bar. The enthalpy after compression
is 630 kJ/kg.

C �:  D: Liquefaction (Condensation)

Liquefaction occurs at a constant pressure (isobaric) of 5.2 bar.
The 50 °C “hot” refrigerant circulates through a heat exchanger on the back of the refrigerator, which
is surrounded by the air in the kitchen. The temperature of the refrigerant, which is still in vapor form,
is first reduced to 39 °C (known as “de-superheating”) by heat transfer to the ambient air. The
refrigerant then condenses at 39 °C, releasing a large amount of heat (“condensation heat”) to the
ambient air. The liquid refrigerant is then cooled further (known as “subcooling”). A total of 345 kJ/kg
of heat energy is released.
This liquefaction process is possible up to a room temperature of approx. 32 °C, as described here.
If the ambient air is warmer, the compression must be able to operate at a higher condensation
temperature, otherwise the process stops and the refrigerator no longer cools.
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